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Acoustic metamaterials are artificially engineered structures with subwavelength unit 
cells that hold extraordinary acoustic properties. Their ability to manipulate acoustic 
waves in ways that are not readily possible in naturally occurring materials have 
garnered much attention by researchers in recent years. In this dissertation work, 
acoustic metamaterials that enable wave propagation with high wave vector values 
are studied. These materials render several key properties, including energy 
confinement and transport, wave control enhancement, and enhancement of acoustic 
radiation, which are exploited for enhancing acoustic wave emission and reception.  
The dissertation work is summarized as follows.  First, to enable experimental 
studies of the deep subwavelength cavities in these metamaterials, a low dimensional 
fiber optic probe was developed, which allows direct characterization of the intrinsic 
properties of the metamaterials without seriously disrupting the acoustic fields. 
 
 
Second, low dimensional acoustic metamaterials for enhancing acoustic reception 
were realized and studied. These metamaterials were demonstrated to achieve both 
passive and active functionalities, including passive signal amplification and 
frequency filtering, as well as active tuning for switching and pulse retardation 
control. Third, a metamaterial emitter was realized and studied, which is capable of 
enhancing the radiative properties of an embedded emitter. Parametric studies 
enhanced the understanding of the effects of different geometric parameters on the 
radiation performance of the structure. Finally, the metamaterial emitter and receiver 
were combined to form a metamaterial-based sonar system. For the first time, the 
superior performance of the metamaterial enhanced sonar system over conventional 
sonar systems was analytically and experimentally demonstrated. As a proof of 
concept, a robotic sonar platform equipped with the metamaterial system was shown 
to possess remarkably better tracking performance compared to the conventional 
system. 
 Through this dissertation work, an enhanced understanding of high-k acoustic 
metamaterials has been achieved, and their applications in acoustic sensing,  emission 
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Chapter 1: Introduction and Background 
1.1 Problem statement 
In many areas of physics, the ability to control wave propagation has always been a 
fundamental interest. When acoustic waves propagate through a medium, the 
characteristics that the waves take on are entirely dependent on the properties of the 
medium. For instance, the speed of the wave, attenuation over the medium, the 
directivity of the wave, group and phase velocity relations, and frequency dispersion 
treatment, are all characteristics that a medium would attribute to propagating waves 
due to the medium’s intrinsic properties. If these properties can be altered of some 
sort, then it would be possible to control the propagation characteristics of waves 
through the medium. Most materials that occur in nature, however, do not provide a 
lot of latitude for controlling acoustic waves because their properties remain 
essentially fixed over a broad range of useful frequencies. 
 In order to obtain more control of the wave propagation, artificial materials 
would have to be engineered. When they are done in such a way that their unit cells 
are dimensionally smaller than the wavelength of the waves propagating through 
them, then the entire structure can be described in terms of effective parameters and 
can be consequently regarded as a new medium or “material” for the propagation of 




called metamaterials (the prefix “meta” indicating characteristics beyond or higher 
than ordinary materials), and they can manipulate acoustic waves in ways that are not 
readily possible with naturally occurring materials. 
Many wave phenomena were previously deemed unattainable in the realm of 
acoustic waves in natural media. The concept of the generalized Snell’s law, for 
example, is a feature common in electromagnetic waves such as light. Due to the 
relatively large wavelengths of acoustic waves, the abrupt phase shifts required to 
apply Snell’s law is generally not possible in natural materials [1], [2]. Also, the 
concept of negative refractive index, which, in the case of light, causes it to bend on 
the same side of the normal is another phenomenon which is strange in the field of 
acoustics when dealing with naturally occurring materials. Because of this, the rich 
physics and functional devices such as near field superlenses that can result from this 
phenomenon are alien. Another even stranger phenomenon is the idea of negative 
density that causes the response to a force to be in opposition to the direction of the 
force, or zero density, which implies no impedance. A medium that has this kind of 
characteristic can allow for such useful functionalities as perfect transmission or 
absorption devices, and supercoupling [3]–[6].  
 Thanks to acoustic metamaterials, these phenomena, and many more, have 
become not only theoretically plausible but also practically realizable, so that novel 
devices based on them have been developed. The past decade has witnessed a great 
interest in this field which has led to innovative ways of achieving perfect focusing, 
imaging, collimation, extraordinary transmission, sound insulation, enhanced sensing, 




 There is a special class of metamaterials that can sustain acoustic waves with 
wave vectors much larger than what is allowable in the free space. As a result, there 
would be extra momenta in the system provided by the additional waves contained in 
the medium, as illustrated in the dispersion schematic in Figure 1. 1. 
 
 
Figure 1. 1 Schematic of dispersion curves for the free space (blue) and a high-k 
metamaterial medium (red). High-k metamaterials can sustain more waves per unit length x 
than the free space at the same frequency. 
 
  Such metamaterials are known as called high wave vector (high-k) acoustic 
metamaterials, and they equip the propagating waves with unique and useful 
characteristics. For example, the extra momentum Δ𝑘 (Figure 1. 1) can be used to 
achieve imaging beyond the diffraction limit, which is the property responsible for 




a direct result of high-k metamaterials is that the speed of the wave through the 
metamaterial can be much slower than in the free space, giving a frequency-
dependent refractive index that can be greater than one.  This is a very useful property 
and is the key behind many functionalities that some metamaterials have, such as 
cloaking, sensing enhancement, and anomalous reflection [12], [13], [15], [27], [37]. 
The work presented in this doctoral dissertation focuses on these types of acoustic 
metamaterials. 
 This dissertation work aims at investigating the fundamental properties of 
high wave vector acoustic metamaterials and their applications. It would involve 
realizing new metamaterials and novel tools and methods to study them in order to 
unveil their unique high-k properties, as well as demonstrating applications in which 
they can be used. Particularly, it focusses on the interaction of airborne acoustic 
waves with high-k acoustic metamaterials. 
 
1.2 Background and Literature review  
1.2.1 Acoustic wave propagation in material media 
Acoustic waves are mechanical, longitudinal, scalar waves, and so they require 
material media for their propagation. The medium must have an inertial property and 
a compressibility property so that acoustic energy propagates in the form of waves of 
compression and rarefaction. The physics behind acoustic wave propagation is well 




equation, which is a statement of conservation of mass; Newton’s law for the 
conservation of momentum; and the ideal gas law, which is the equation of state. In 







Here, P is pressure, ρ is the mass density, and B is the adiabatic bulk modulus. The 
mass density ρ and the bulk modulus B are constitutive parameters which are specific 
to the medium and define the speed of the wave through it by the Newton-Laplace 
relation 𝑐 = √𝐵/𝜌 . In naturally occurring media, these parameters are essentially 
constant across the acoustic spectrum, resulting in a constant behavior of acoustic 
waves propagating through them. For example, for air at room temperature and 
pressure, the density 𝜌𝑎𝑖𝑟 = 1.1839 𝑘𝑔/𝑚
3 and the adiabatic bulk modulus  𝐵𝑎𝑖𝑟 =
141.838 𝑘𝑃𝑎, giving 𝑐𝑎𝑖𝑟 = 346.13 𝑚/𝑠. It is noteworthy that the constitutive 
parameters B can be mapped to 𝜇−1 and ρ to є, where µ and є represent the magnetic 
permeability and the dielectric constant for electromagnetic waves respectively. As a 
result, much underlying physics is shared between these two types of waves. 
1.2.2 Acoustic wave propagation in metamaterials 
Like naturally occurring materials, acoustic wave treatment by metamaterials is also 
valid for waves governed by Newton’s law of motion, the thermodynamic state 
equation for adiabatic processes, and the continuity equation. However, unlike their 




metamaterials can assume unusual values from an effective viewpoint. As such, wave 
propagation through such structures inherits a dispersive phenomenon, where the 
speed is frequency-dependent across the acoustic spectrum. This is the key to the 
exotic characteristics that acoustic metamaterials can have.  
 There are many ways of realizing an artificial structure with subwavelength 
unit cells such that the effective bulk modulus or density assumes a dispersive 
phenomenon. A good example to illustrate this idea can be seen in a composite 
comprising of two materials that allow relative motion between the two materials, as 
illustrated in Figure 1. 2.  
 
Figure 1. 2 Schematic of a coupled mass-in-mass oscillator. 
 
Expressing the force in terms of the displacement x1 yields 
𝐹 = (𝑀1 +
𝐾
(𝜔02 − 𝜔2)




Where 𝜔0 = √𝐾/𝑀2 is the resonant frequency of the internal system comprising of 




which is markedly different from a rigid material [11]. With the effective mass 
component having a frequency dependence, the effective density thus becomes a 
function of the excitation frequency, giving rise to a dispersive response. 
Metamaterials that are based on this type of design can exhibit a phenomenon known 
as antiresonance, which tends to occur between the resonances of both mass-spring 
systems. When this occurs, both modes will be excited but with opposite phases, 
effectively canceling out the displacement.  
The above is an example of realizing a metamaterial where the effective mass 
is responsible for the dispersive property. In what follows, a review of different 
classes of metamaterials is carried out. This would be followed by a discussion on 
some key functionalities exhibited by some acoustic metamaterials. 
1.2.3 Metamaterial classification 
Acoustic metamaterials can be classified in several ways. In this subsection, the 
classification will be based on the basic principles underlying their design and 
functionality. These basic principles usually result in special properties that the 
metamaterials in the said class enjoy. Three classes will be discussed: Helmholtz 
resonator-based metamaterials, membrane-type metamaterials, and space coiling 




that some metamaterials may fall in more than one class, as well as may exhibit non-
characteristic properties.  
 
1.2.3.1 Helmholtz resonator-based metamaterials 
Helmholtz resonators, which are the acoustic equivalents of electric LC resonators, 
make a good choice for designing metamaterial unit cells because the resonant 
wavelength of a Helmholtz cavity can be much larger than the size of the cavity. In 
these types of metamaterials, compressional and extensional motion is involved rather 
than a displacement of the center of mass. Therefore, the effective bulk modulus is 
the constitutive parameter responsible for the dispersive property of such 
metamaterials. A wide variety of novel properties and functionalities can be achieved 
using Helmholtz resonators as unit cells for the metamaterials because of the strong 
and well-established dependence of the local resonance characteristic on this resonant 
structure’s geometric properties.  
One such functionality is pressure enhancement by trapping them in the 
resonator. If judiciously designed, such a metamaterial could be broadband by having 
several unit cell structures tuned for specific frequencies, hence creating a passive 
spectral acoustic filter. This phenomenon is often referred to as acoustic rainbow 
trapping, and the effect is the creation of a space where frequency components of a 
wave are separated and trapped across the structure. Zhao et al. realized a compact 
acoustic rainbow trapping metamaterial comprising of Helmholtz resonators [38]. 
Their metamaterial consisted of 40 Helmholtz resonators of varying sizes (heights) 




structure in an Archimedean spiral manner reminiscent of a cochlea, they overcame 
the space penalty generally experienced by these types of metamaterials due to their 
bulky size; they report a 70 times reduction in size compared to other designs with the 














Figure 1. 3 (a) Schematic of the rainbow trapping metamaterial by Zhao et al. (b) 
Experimental setup. A loudspeaker is connected to the opening of the spiral tube to generate 
acoustic waves. Measurement is done using a point laser Doppler vibrometer at different 
locations. (c) Fourier transform of the particle velocity temporal plot of the 7th cylinder. (d)-
(i) A cylindrical space covered by the parity-time symmetric metasurface realized by Hao-
xiang Li et al. (d) no cloak- strong backscattering and a shadow is observed. (e) 
camouflaging through complete absorption with a lossy semicircle metasurface only (f) 
cloaking via PT symmetry semicircle metasurface containing acoustic loss (gain) to fully 
absorb incoming (reemit outgoing) sound waves. (g)-(i) Experimental realization of the PT 





Helmholtz resonators can be employed in a metamaterial design to absorb 
incoming waves. If these absorbed waves can be re-radiated at another end in a 
manner consistent in amplitude and phase with the uninterrupted wavefronts, then 
cloaking can be achieved. This method was implemented by Hao-xiang Li et al. [39], 
where an array of Helmholtz resonators was employed to fully absorb the incoming 
sound waves as well as an array of speakers to reemit the outgoing sound waves. A 
Parity-time (PT) symmetric system was used to match the two systems for a seamless 
flow. In theory, this type of acoustic metasurface can be limitless in terms of working 
frequency, shape, or size. This method must consider the phase disparity that would 
emerge due to the shape of the cloaking surface. In their work, Hao-xiang et al. 
accounted for this by tuning the resonances of the Helmholtz resonators to have an 
angular dependence on their neck and depth. They demonstrated their apparatus to be 
capable of cloaking an object the size of a human from audible sound (Figure 1. 3 (d)-
(i)).  
In addition to their passive characteristics, Helmholtz resonator-based acoustic 
metamaterials can be constructed to have increased, modifiable capabilities by 
equipping them with active, reconfigurable properties. Bogdan et al. [40] reported an 
active acoustic metamaterial that is reconfigurable in real-time. Each of the ten unit 
cells of their device consists of an electronically controlled piezoelectric membrane 
mounted between two identical Helmholtz cavities. The three-terminal membranes 
serve both sensing and driving purposes, whereby incoming sound waves are 
detected, sent to a reconfigurable electronic control system for modification, and 





Figure 1. 4 (a) schematic and (b) photograph of a unit cell of the reconfigurable acoustic 
metamaterial realized by Bogdan-Ioan et al. (c) Metamaterial slab consisting of 10 cells. (d) 
Experimental results showing the lens’ second harmonic response. (e) Comparison between 
the fields measured on the focal plane and an ideal lens imaging at the second harmonic 
(dotted curve) and the fundamental (solid curve). (f) Acoustic metamaterial with continuously 
tunable compressibility realized by Lee et al. (g) Theoretical plots and the experimental data 
for the effective compressibility βr of the duct as a function of the tube length l. 
 
Another resonant-type tunable metamaterial has been realized by Lee et al. 
[41], which consists of side tubes with plungers connected to the wall of the main 
duct (Figure 1. 4 (f) and (g)). This model solves the issues that plague traditional 




Helmholtz resonators. By operating the plungers through pushing them in and pulling 
them out, they were able to alter the effective compressibility of the air in the cavity 
hence changing the local resonances of the tubes. 
 
1.2.3.2 Membrane-type acoustic metamaterials 
A class of acoustic metamaterials called membrane-type acoustic metamaterials exist, 
which makes use of thin pre-stressed membranes with one or more small masses 
attached to the membrane material. The prestress applied on the membrane acts as the 
spring (restoring) force, while the mass can be chosen to set the desired resonant 
frequencies. Often called decorated membrane resonators (DMRs), these 
metamaterials can display dispersive properties due to both bulk modulus and mass 
densities. Bipolar symmetry in the frequency domain is typically a characteristic of 
these types of metamaterials due to the membrane’s small thickness, usually in the 
low-frequency regime. As noted earlier, this can result in an antiresonance 
phenomenon when the excitation frequency falls between the two resonant peaks. The 
effective density in DMRs can vary widely, ranging from positive, near-zero, and 
negative values, and result in many desirable phenomena. A near-zero value indicates 
that the effective acoustic impedance of the arrangement can be matched to air’s 
impedance, enabling optimal coupling of incident sound. This has been used to 
achieve a phenomenon known as supercoupling, wherein almost all the sound is 
transmitted through small channels under normal incidence [3], [17]. On the other 
hand, a negative effective density can occur, implying that the system’s acceleration 




 It is noteworthy that the bipolar symmetry in DMRs exists in the low-
frequency regime because the high-frequency components would couple into the 
vibrations in the membrane along its thickness. These high-frequency components, 
however, tend to be monopolar in nature, producing anomalous effects on the 
effective wave vector at these high frequencies. One idea to mitigate this 
phenomenon is to couple two membranes together. This was studied by Yang et al. 
using the metamaterial in Figure 1. 5 (a)-(e) where their DMR placed the monopole 
mode near the dipolar antiresonance. A near-zero effective density, 𝐵𝑒𝑓𝑓, was 
attainable giving a characteristic impedance 𝑍 = √𝜌𝑒𝑓𝑓𝐵𝑒𝑓𝑓 that can match that of air 
while having large values for the effective density 𝜌𝑒𝑓𝑓. They were also able to 
achieve a negative refractive index over a finite frequency range, as well as sustain 
wave vectors much larger than allowable in free space. The latter is a particularly 
useful feature that can be used to achieve such phenomena as focusing beyond the 





Figure 1. 5 (a) Schematic of a DMR with two coupled membranes realized by Yang et al. The 
rigid ring allows for extra tunability. (b) Displacement profiles of three low-frequency 
eigenmodes. The solid black lines show results from finite element simulations, while the red 
dots indicate the measured profiles using the laser vibrometer. (c) Transmission coefficient as 
a function of frequency. (d) Effective mass density (red) and bulk modulus (blue) plotted as a 
function of frequency. (e) The real part of the effective wave vector as a function of 
frequency. (f) A unit cell of the double membrane-type active acoustic metamaterial proposed 
by Langfeldt et al. (g) Isometric view of the unit cell illustrating the working principle. 
Introducing pressurized air into the cavity causes the membranes to stretch, increasing the 
eigenfrequencies of the system. (h) Experimental and theoretical STL for the membrane-type 
acoustic metamaterial at three inflation pressure differences β. 
 
The narrow, low-frequency band characteristic of membrane-type acoustic 




and the size of the attached mass. Langfeldt et al. further achieved more tunability by 
pressurizing an air cavity in their proposed unit cell structure comprised of two 
masses attached to membranes that formed an enclosed cavity on a frame [42]. By 
altering the static air pressure in the unit cell cavity, the eigenmodes and transmission 
property are changed, shifting the sound transmission loss (STL) curve to 
accommodate higher frequencies (with increased pressure), as shown in Figure 1. 5 
(f)-(h). 
 Another type of tunable membrane-type acoustic metamaterial was reported 
by Xiang Yu et al. [43] It comprised of an array of resonators attached to the sidewall 
of a rigid duct. Each resonator was constructed using a pre-stretched dielectric 
elastomer (DE) membrane whose thickness was configurable by the application of a 
voltage across electrodes coated on both sides of the membrane. An array of four 
resonators with different pre-stretched ratios increased the bandwidth of their 






Figure 1. 6 (a) Schematic of the tunable acoustic metamaterial realized by Xiang Yu, 
comprising an array of DE resonators being attached to a duct. (b) Connecting four DE 
resonators to form a metamaterial array for realizing a much-broadened attenuation band. 
(c) Tunable acoustic metamaterial proposed by Wang et al. Each resonator consists of a 
metallic mass connected to the matrix through elastic beams. (c) The undeformed 
configuration. (d) Metamaterial with a compressive strain applied in the vertical direction. 
(e) Dispersion relations from Bloch-wave analysis for the infinite metamaterial under 
compressive strain. Shear dominated bands are colored in blue, pressure dominated bands in 
red and locally rotational bands in black. The grey region highlights the bandgap induced by 
local resonance. 
 
The main idea around membrane-type metamaterials is to have a mass 




membrane acts as the restoring spring force, while the mass is the inertial element. 
This idea can be modified to replace the membrane with easy-to-buckle elastic beams 
suspending the mass. In such a structure, applying a compressive force will cause the 
beams to buckle, changing the configuration of the array, and thus altering its 
acoustic properties. This idea was investigated by Wang et al., where they realized an 
adaptive acoustic metamaterial whose transmission properties could be adjusted by 
mechanical deformation [44]. In their structure, each unit cell comprises a mass 
suspended with four flexible beams (Figure 1. 6 (c)-(e)). When a compressive strain 
is applied to the structure, the beams deform, changing its resonant frequency. 
Additionally, this structure could be configured to completely switch off the 
transmission of sound with an applied strain.    
 
1.2.3.3 Space-coiling acoustic metamaterials and metasurfaces  
An advantageous characteristic that acoustic waves have over their electromagnetic 
counterparts is that they do not suffer from a cut-off frequency restriction. Generally, 
waveguides for electromagnetic waves would only propagate signals above a certain 
frequency known as the cut-off frequency which is given by 𝑓𝑐 = 𝑐/2𝑎, where c is 
the speed of the wave, and a is the internal waveguide dimension [45]. Because 
acoustic waves are longitudinal, they need not adhere to this physical constraint – a 
feat that can be further exploited by acoustic metamaterials. The idea in this design is 
to “coil up the space,” forcing the waves to propagate through passages that are 
longer than their physical dimension in the free space.  If judiciously designed, it 




compared to the background waves. The induced delay ∆𝛷 is related to the total 
acoustic path L by ∆𝛷 = 𝑘0𝐿 where k0 is the free-space wave vector [11]. It suffices, 
therefore, to adjust the total length of the passage to obtain any arbitrary phase values, 
and thus phase and group velocities of the acoustic waves. This simple but effective 
concept has been thoroughly exploited in the field in recent years due to their rich 
physics, and many novel effects such as negative refraction and near-zero index 
cloaking, and functionalities such as one-way transmission, focusing, etc. have been 
realized. 
Because of its inherent nature, the space-coiling idea is a prime candidate for 
designing acoustic metasurfaces, which are low-profile metamaterials with 
subwavelength thickness capable of generating abrupt phase shifts across a single 
layer. This makes it possible for the generalized Snell’s law to be applicable in 
acoustics since natural materials are generally incapable of providing the magnitude 
of phase shifts required for its application. Yong Li et al. showed that it is possible to 
apply the generalized Snell’s law for acoustic reflected waves through ultrathin planar 
acoustic metamaterials [1] (Figure 1. 7). Their space-coiling metasurface was made 
up of eight units with phase shifts ranging from 0~2π in π/4 steps. Their device 
possessed anomalous reflection characteristics and could convert propagating waves 






Figure 1. 7 (a) The schematic diagram of an acoustic metasurface for the generalized Snell’s 
law realized by Yong Li et al. It was made of two stiff corrugated beams with a channel 
coiling up the space. (b) The pressure strips of the reflected waves by the eight units. The 
phase shifts resulting from the corrugation lengths are evident. (c) Pressure field pattern 
showing the metasurface converting propagating waves to surface waves. (d) Spatial 
distribution and (e) transverse cross-section of the intensity profile of the acoustic axicon for 
the non-diffracting Bessel beam. 
 
  The extra momentum Δk provided by the phase shift can cause the incident 
waves to undergo abnormal reflection or transmission. Yangbo Xie et al. realized a 
transmission-type acoustic metasurface with tapered labyrinthine unit cells that was 




metasurface introduced abrupt phase variations to the propagating waves, which 
deviates from the assumption in the generalized law that the accumulated phases are 
continuous across the interface. Their metasurface was also capable of extraordinary 
beam steering, negative effective refraction, and higher-order diffraction [46]. At a 
certain critical angle of incidence, the waves acquire an imaginary wave vector 
component and become evanescent. As a result, the metasurface was capable of 
sustaining waves with wave vectors higher than the free-space propagating waves, 
while converting propagating waves into surface waves. By combining metamaterial 
units consisting of coiled up pathways that produce different phase changes, 







Figure 1. 8 (a) Schematic concept of wavefront modulating thin planar metasurface (solid 
line) and the generalized Snell's law (dashed line). (b) Photograph of the unit cell prototypes. 
(c) Six types of unit cells and the corresponding phase changes through the unit cells. (d) 
Simulations and (e) experimental results of field patterns at 45 degrees, demonstrating the 
negatively refracted transmission. The white arrows indicate the forward phase propagation 
directions. (f) Top: Measured near-field of the evanescent mode on the transmitted side at 25 
degrees incidence. Bottom: Simulated and experimental results of the pressure field spatial 
Fourier transform across the surface.  
 
An interesting application that space-coiling metamaterials can take advantage 
of is focusing. Careful placement of space-coiled pathways of different lengths can 
bring about interferences in the transmitted or reflected wavefronts. If prudently 




metasurface made up of interchangeable subunits that can be “coded” to achieve 
various transmitted beam patterns and branching wave effects [47]. Rather than 
having a set of unit cells corresponding to different phases, their elemental units 
constitute two types: “0” and “1”, corresponding to “off” and “on” states, 
respectively. These states represent the relative phases between their inlets and exits, 
where “0” represents a relative phase of π, while “1” represents a “0” relative phase. 
The phases are based on the local resonant modes of their cavities. With careful 
placement of the “0” and “1” unit cells, the transmitted waves would interact in 
constructive and destructive patterns that produced interesting pressure fields. One 
such field was a Fresnel lens-like zone effect, which produced a focused acoustic spot 
with a focal length of 50 cm.  Interestingly their Fresnel lens metasurface was wider 
in frequency bandwidth compared to conventional Fresnel lens metasurfaces, which 





Figure 1. 9 (a) Acoustic metasurface arrangement for a flat Fresnel lens by Boyang Xie et al. 
(b) and (c) shows the experimental intensity profile achieved at 4.53 kHz by the setup 
elemental arrangement in (a). (d) Transmission amplitude and (e) phase of the waves through 
elements “0” and “1”. (f) Quantized metamaterial bricks and grid setup reported by 
Gianluca et al. (g) Beam steering and focusing with the metasurface. (h) Experimentally 
obtained pressure field distribution and (i) acoustic levitation of a polystyrene bead using the 
pressure field distribution in (h). 
Another example of beam focusing and steering by acoustic metasurfaces was 
studied by Gianluca Memoli et al., where quantized metamaterial “bricks” were 
organized to form a surface that can generate a diffraction-limited acoustic field [20]. 
The bricks are designed in a transmission style configuration where phase changes are 




focusing and steering. They were also able to generate a tractor beam by stacking a 
second layer of bricks to create a situation where a central layer is driven out of phase 
with the outer regions. This generated a “bottle-shaped” trap that could be used to 
levitate a small object, as shown in Figure 1. 9 (f)-(i). Although the bricks were 
designed to operate at 40 kHz, they could theoretically work at lower frequencies 
since the phase delay depends on the ratio between the effective path lengths in the 
bricks and the wavelength of the incident wave.  
Holographic techniques have also been applied in the field of acoustics, where 
essentially 2-dimensional surfaces produce 3-dimensional images. Such techniques 
are greatly facilitated using metamaterials due to their ability to spatially control the 
amplitudes and phase components of traveling waves. One such example was 
published by Yangbo Xie et al. [48], in furtherance of their work on acoustic 
metasurfaces based on labyrinthine metamaterials. Here, they used the phase 
variations of the metamaterial unit cells, which constitutes of tapered labyrinthine 
structures, to produce an acoustic hologram. Another notable example of this was 
realized by Kai Melde et al. [49], where monolithic holograms, which are the acoustic 
analogs of optical kinoforms, are used to reconstruct diffraction-limited pressure 
fields. By placing the hologram in the path of an ultrasonic wave, a 2D phase profile 
is generated, which allows for the creation of 3D sound fields with diffraction-limited 
resolution (Figure 1. 10). They also demonstrated the manipulation of small objects 
(PDMS microparticles) using the phase gradient formed by the metasurface 




were able to perform acoustic levitation on two water droplets (Figure 1. 10 (f) and 
(g)). 
 
Figure 1. 10 Acoustic hologram realized by Kai Melde et al. (a)-(e) Methodology steps for the 
acoustic hologram formation. The propagation medium used is water, and the acoustic 
hologram is formed in water. 2.06 MHz ultrasonic waves are used, and a hydrophone is used 
to obtain the pressure image in (e). (f) Schematic of the pressure field profile used for 
acoustic levitation.  (g) Photograph of two water droplets levitated in the pressure field traps 





1.2.4 Metamaterial techniques and functionalities 
There are a variety of techniques and functionalities that some acoustic metamaterials 
have been designed to exhibit that merit special attention. Many of these techniques 
can trace their origin from electromagnetic metamaterials, wherever a matching can 
be made between both kinds of waves. Some, on the other hand, take advantage of 
some unique properties possessed by acoustic waves that are not shared with their 
electromagnetic counterparts. In this subsection, a review will be made on three 
techniques: transformation acoustics, superresolution, and sensing enhancement, as 
well as a few examples from the literature. 
 
 
1.2.4.1 Transformation acoustics and cloaking 
In the study of electromagnetic waves, a technique was recently developed which 
established a correspondence between the material constitutive parameters and 
coordinate transformations. This technique is known as transformation optics and has 
been particularly useful in enabling the design of optical components that can control 
electromagnetic waves with unprecedented degrees of freedom, educing such 
functionality as invisibility cloaking. This transformation optics technique works due 
to the invariance of Maxwell’s equations under coordinate transformations – a 
property that is not applicable in most wave equation systems [30], [50]. It turns out, 
however, that the acoustic wave equation is also invariant under coordinate 
transformations; thus, similar methods can be borrowed from the study of 




reduces to a geometric problem of finding the proper coordinate transformation. If 
one considers the harmonic acoustic equation  
𝛻 ∙ [𝜌(𝒙)−1𝛻𝑃(𝒙)] = − [
𝜔2
𝐵(𝒙)
]  𝑃(𝒙) 
where 𝜌(𝒙) is the mass density tensor, then under a coordinate transformation, each 
point 𝒙 is mapped to a corresponding point 𝒙′(𝒙), so that the harmonic equation takes 
the form  




Here, the transformed constitutive are 𝐵′̅̅ ̅(𝒙′) = [det 𝐽]𝐵(𝑥) and 𝜌′ ⃡  (𝑥′) =
𝐽[𝜌(𝑥)]𝐽𝑇/ det 𝐽 where 𝐽 is the Jacobian matrix of the coordinate transformation. 
These would be the properties of the transformed acoustic media and are theoretically 
limitless in the values they can assume. It is discernible from these equations, 
however, that the new constitutive parameters transformed media are frequency 
dispersive, and so the transformation sustains a strong frequency dependence. A 
broader bandwidth transformed media would generally come with a sacrifice of a 
decrease in the performance. 
 The idea of acoustic cloaking is to achieve an acoustic concealing of objects 
in a fluid medium by bending impinged acoustic waves around the object such that 
the medium behaves as though the object is absent. Therefore, if within the vicinity of 




with the object in a manner that avoids scattering, an acoustic cloak is formed. A 
well-known example is the broadband omnidirectional ground cloaking metamaterial 
developed by Zigoneanu et al., which renders a region of space three wavelengths in 
diameter invisible to sound [51]. Their metamaterial was set up as a reflective type 
cloak, so that reflected waves behaved as though the cloaked space was absent. Their 
approach employs a unidirectional coordinate transformation technique applied to 
each section of the square pyramidal space to be cloaked. Their pyramidal acoustic 
metamaterial cloak was designed to have an effective bulk modulus 2.5 times higher 
than that of air, effectively creating a low refractive index medium for tailoring sound 
waves. This arrangement caused any object placed in the pyramid to become virtually 





Figure 1. 11 (a) Schematic of the pyramidal omnidirectional acoustic cloak proposed by 
Zigoneanu et al. (b) Instantaneous pressure field distribution showing the cloaking 
effectiveness of the device. The pressure field from the cloaked object mimics the empty 
ground. (c) Measured signals at locations a, b, and c in (a). The scattered acoustic pressure 
is shown for the empty ground, the object placed on the ground, and the cloaked object in 
each case. 
Another approach to acoustic cloaking focuses on solving the problem of 
rendering an arbitrary 3D object placed in an open cavity invisible to sound [29]. This 
was achieved by Weiwei Kan et al., where they applied transformation acoustics in 
designing an anisotropic structure with stacks of layers having subwavelength holey 
unit cells (Figure 1. 12). Because their design is devoid of resonant elements, it could 
operate over a wide bandwidth (in the domain of 10 cm <λ<17 cm) for a broad range 





Figure 1. 12 (a) Acoustic cavity scheme with a 3D object (blue colored) and the metamaterial 
cloak (grey layers) realized by Weiwei Kan et al. (b) Directivity plots of the calculated 
radiation profile in the x-z plane. The colored lines represent the profiles obtained for the 
empty cavity (black), the cavity with a mushroom-like object (red), the cavity with the object 
and the perfect cloak (green), and the expected profile when the reduced cloak is considered 
(blue). Results are obtained for λ = 13 cm (2.68 kHz). (c)-(f) Calculated total pressure field 
(real part) obtained from finite-element simulations for the different configurations of the 
cavity at λ = 13 cm (2.68 kHz): (c) empty, (d) with the object inside (thick white lines), (e) 
with the object and the ideal cloak on top (red lines), and (f) with the object and the reduced 





1.2.4.2 Acoustic Superresolution 
Focusing and imaging have always been a prominent area of interest in the study of 
wave physics, with strides made towards approaching the diffraction limit, known as 
diffraction-limited resolution. This limit comes as a result of a physical constraint that 
is imposed on traveling waves by the dispersion relation 𝑘2 = (2𝜋/𝜆)2 = (𝜔/𝑐)2. As 
such, an object to be imaged would is only fully resolvable if its smallest feature is on 
the order of one wavelength or more. The advent of metamaterials, however, has 
extended the boundaries of what is possible in imaging, so that it is now possible to 
achieve a resolution beyond the limit of diffraction- a feat known as superresolution. 
 It is possible to split the wave vector k into two components: 𝑘||  which is 
parallel to the image plane, and 𝑘⏊ which denotes the wave vector component 
perpendicular to the image plane. 𝑘|| is the wave vector component responsible for 
imaging, and its magnitude is bounded by 𝜔/𝑐. 𝑘⏊ represents the propagating modes, 
which would carry the waves into the far-field. This is the component responsible for 
transmission or reflection of the acoustic energy. Because both components must 
satisfy the dispersion relation 𝑘||
2 + 𝑘⏊
2 = (2𝜋/𝜆)2, by allowing 𝑘⏊ to be purely 
imaginary, it is possible to increase the magnitude of 𝑘|| to values larger than 𝜔/𝑐 
while still satisfying the dispersion relation. This will allow for imaging beyond the 
diffraction limit. It is important to note, however, that purely imaginary 𝑘⏊ are 
evanescent in nature, and so their magnitude decay exponentially with distance. 
These evanescent waves are responsible for carrying details of the image smaller than 




about one wavelength from it. As such, the quality of the superresolution would 
decrease with distance as the magnitude of 𝑘2 gradually returns to its diffraction-
limited boundary of 𝑘2 = (2𝜋/𝜆)2. Any details on the scale of 𝛿 < 2𝜋/𝑘𝑚𝑎𝑥 do not 
contribute to the image and are lost in the far-field.  
 Fabrice Lemoult et al. experimentally demonstrated this concept of 
superresolution in the audible range using an array of Helmholtz resonators (soda 
cans) [52]. Their device demonstrated incredible enhancement of control of acoustic 
waves in the audible range – an attendant functionality of its high wave vector 
property. Focal spots as thin as λ/25 were attained using a technique called time 
reversal (TR), which entails measuring a time response of the system, flipping it in 





Figure 1. 13 Superresolution achieved by Lemoult et al. (a), (b) Normalized intensities of the 
diffraction-limited pressure spots without the soda cans. (c), (d) Measured λ/25  pressure foci 
with iterative time reversal technique. 
 
This concept of superresolution has led to the development of devices such as 
the acoustic superlens and the hyperlens. The idea behind the superlens is to create a 
medium with an effective negative refractive index, which can cause diverging waves 
to re-converge, thus capturing the information carried by the evanescent component 
of the waves before they vanish [18], [53]–[55]. In order to measure evanescent 
waves in the far-field, they must be converted into propagating modes. This is the 
realm of the hyperlens, and there are a few ways of achieving this. One way is to 
cause one of the effective parameters to have a hyperbolic dispersion relation. For 
















 . Because of this hyperbolic shape of the dispersion, the wave vector 
components are no longer bounded and can, in principle, assume arbitrarily large 
values while still satisfying the dispersion relation. An example of such a 
metamaterial can be seen in the work of Chen Shen et al., where they realized a 
broadband hyperbolic metamaterial resulting from a negative effective density 











Figure 1. 14 Hyperbolic metamaterial developed by Chen et al. (a) schematic of the 
metamaterial and experimental setup. The thickness of the metamaterial corresponds to 0.9λ 
− 1.4λ. (b) Normalized pressure magnitude distribution on the exiting surface of the 
metamaterial. Blue (solid), measurement with AHMM; blue (dashed), measurement without 
AHMM; red, simulation (real structure); black, simulation (effective medium). (c) Predicted 
effective density along the x and y directions. (d) The dispersion curves of the metamaterial 
showing a hyperbolic profile, and the equifrequency contours becoming flat at low 
frequencies. Solid line: lumped model. Circle mark: retrieved from numerical simulations. (e) 
Broadband performance of subwavelength imaging of the metamaterial. 
 
It is noteworthy that if the negative parameter values of the wave vectors are 
as a result of local resonances, they can only be narrow band. If, however, the 
equifrequency contours assumed an elliptical shape, large wave vector components 




large propagation distances, hence large magnification ratios. This was achieved by 
Jensen Li et al. using a fan-shaped metamaterial with alternating brass and air strips 
in the θ direction [33]. The vast difference in the mass densities and bulk moduli of 
both the constitutive components of their structure (air and brass) resulted in a 
metamaterial in which the effective densities ?̅?𝑟 and ?̅?𝜃 have the same sign but differ 
by a large ratio. This resulted in an elliptical equifrequency contour with a large 
eccentricity, allowing access to large wave vector components. The large ratio 
between the outer and inner radii of their hyperlens resulted in the retaining and 
compressing of significant portions for the evanescent components of the wave into 
the band of propagating waves. This resulted in up to an eight times magnification of 









Figure 1. 15 Acoustic magnifying hyperlens realized by Jensen Li et al. (a) Experimental 
pressure measurements in the propagation region. The object consists of the two sound 
sources transmitting at 6.6 kHz and separated by 023λ at the input plane. (b) Simulation of 
the pressure field using the microstructure with the elastic fins (c) 2D simulation using the 
effective medium description of the lens. (d) The magnified image at the outer edge of the lens 
showing a λ/4.3 resolution (red), while the control experiment shows a single peak (blue). (e) 
The broadband performance of the acoustic hyperlens. The frequency ranges from 4.2 kHz–7 
kHz. 
 
1.2.4.3 Sensing enhancement techniques 
Of special interest in this dissertation work is the idea of sensing enhancement by 
high-k anisotropic acoustic metamaterials. It is often desirable for acoustic systems to 
be highly sensitive, noise redundant, and highly directive in some applications. Such 




the medium where it is desired. However, achieving these feats at the same time 
usually poses a problem with conventional methods such as microphone array 
systems. Acoustic metamaterials present a viable solution to addressing these issues 
due to the exotic properties they have been observed to possess. An obvious useful 
effect that the many advantageous properties that acoustic metamaterials have been 
shown to exhibit can have is the enabling of some signal processing processes to be 
accomplished directly in the physical layer, as opposed to the electronic layer. This 
adds an extra degree of adjustability to the system. 
There are a variety of methods to go about designing an acoustic metamaterial 
for sensing enhancement. One method involves the use of the wave compressive 
properties of anisotropic graded-index metamaterials. This has been investigated by 
Yongyao Chen et al. in our research group [14], where a high refractive index 
waveguide was created. The graded-index anisotropic metamaterial waveguide 
consisted of thin slabs of stainless-steel plates interspaced by air gaps. The novelty of 
this feat is that the design solved a seemingly insurmountable obstacle faced by 
acoustic systems in creating high refractive index media: sound is generally slowest 
in air. Therefore, by creating a propagation medium that has a higher refractive index 
than air, acoustic waves could be guided within the medium. Also, sensing 
enhancement was achieved by compressing the acoustic waves and thus increasing 
the energy.  This occurs because the increasing refractive index nature of the medium 
result in spatial compression of the acoustic waves, increasing their energy density. In 




highly dispersive, capable of amplifying signals up to its cut-off frequency while 






Figure 1. 16  Graded-index acoustic metamaterial waveguide developed by Yongyao Chen et 
al. (a) Schematic of the acousto-optic sensing system. (b) Simulated and (c) experimentally 
obtained pressure gain spectra at different locations of the metamaterial. The locations Z1, 
Z2, and Z3, correspond to gaps 30, 45, and 66. (d) Measured directivity patterns of the 
maximum pressure gain at different frequencies. (e) Measured SNR in the metamaterial 
compared with that of the free space. 
Metamaterials that can achieve a highly directional and amplified acoustic 
beam are also very desirable because they possess a wide range of possible 
applications, such as fault detection, noise source identification, sonar navigation, 




using a honeycomb lattice of locally resonant phononic crystals boasting a near-zero 
refractive index [23]. This hyperbolic metamaterial (in terms of the 3D dispersion 
relation) was able to achieve more than 18 dB of amplification and a half-power 
beamwidth of fewer than 5 degrees. Interestingly, weak acoustic signals were 
resolvable even in the presence of strong interfering white noise with their 







Figure 1. 17 (a) Schematic of the near-zero-index acoustic antenna (NZI-AA) proposed by 
Chengrong Ma et al. (b) Directivity patterns with/without the NZI-AA. (c)-(e) Acoustic 
pressure fields in a NZI-AA system under normal ((c) and (e)) and oblique  ((d) and (f)) 
incidence. (e) and (f) shows the same configuration in (c) and (d) but without the NZI-AA. (g) 
and (h) Impedance matching acoustic metamaterial layer realized by Zheng Li et al. (g) 
Schematic showing the steps of fabrication of the metamaterial matching layer. Each 
pyramidal unit cell is 125 μm in diameter and 610 μm in length. (h) Distribution of the 






Some metamaterials have been realized that enhance the capabilities of 
ultrasonic transducers. For example, a broadband gradient acoustic metamaterial was 
realized by Zheng Li et al. [28] that aims at improving the capabilities of ultrasonic 
transducers used in ultrasonography. The idea is to reduce the acoustic impedance 
mismatch that usually exists between the piezoelectric materials and the substrate, 
such as human tissue, which can be one to two orders of magnitude. This was 
accomplished by creating a gradient impedance matching layer which comprises 
periodically arranged unit cells of silica-epoxy composites (Figure 1. 17 (g) and (h)). 
They proved that a transducer equipped with their metamaterial matching layer 
provided a much better electromechanical coupling coefficient compared with 
conventional quarter-wavelength techniques. 
 
1.3 Motivation for this dissertation work 
Since the study of acoustic metamaterials is a relatively new field, it is bursting with 
unexplored knowledge, physics, classifications, understanding, and realization of new 
metamaterials that would stretch the boundaries of what is accomplishable in the field 
of acoustics. This work focuses on a subset of this new field of acoustic 
metamaterials – high-k acoustic metamaterials – and seeks to answer the following 
important but largely unexplored questions: 
i. Can the fundamental properties that electromagnetic high-k metamaterials 




ii. Is it possible to develop a tool or method that would enable accurate 
experimental studies of the intrinsic properties of high-k acoustic 
metamaterials? 
iii. Can these properties be leveraged to realize acoustic metamaterials with 
practical applications that would enhance acoustic sensing and emission? 
The field of electromagnetic waves and their advanced control using 
metamaterials is much advanced compared to their acoustic counterparts. Although 
there are some fundamental differences in the types of waves these metamaterials 
control, some acoustic metamaterials have been constructed that establishes a 
mapping between acoustic waves and their electromagnetic counterparts. This has 
opened the path to creating novel acoustic metamaterials with ideas extracted from 
the field of electromagnetics. However, the well-known fundamental characteristics 
that high wave vector metamaterials exhibit has not yet been delineated in the field of 
acoustic metamaterials.  
 One of the key difficulties that experimental studies are faced with is the issue 
of measuring pressure fields in the deep subwavelength cavities of acoustic 
metamaterials. Generally, the higher the working frequencies of these artificial 
structures, the smaller the unit cells need to be. It, therefore, becomes a challenge to 
physically measure the pressure fields in such small devices without compromising 
them. As a result, experimental studies on acoustic metamaterials with deep 
subwavelength unit cells in the millimeters usually omit intrinsic characterization of 
their structures and rather employ input-output type measurements of the pressure 




measurements or visualization of the pressure fields inside the structure using devices 
such as scanning laser Doppler vibrometers. Still, such methods only allow for 2D 
topographical measurements and thus are not always ideal for measurements 
requiring probing of a 3D space. Additionally, only a few metamaterials or 
metasurfaces allow for such methods to be used due to their flat and open-ended 
topology. In order to experimentally unearth the intrinsic characteristics of acoustic 
metamaterials, there remains a need for a tool capable of probing the deep 
subwavelength space of these devices without compromising the acoustic field. 
 A complete story of studying acoustic metamaterials would necessitate the 
design, realization, and study of some metamaterial structures. In the literature, there 
has been work published on metamaterials with different capabilities. However, there 
is still a lot of room for the development of metamaterials aimed at enhancing the 
emissive and receptive properties of acoustic transducers. Additionally, to date, there 
have not been any strides towards acoustic metamaterials for enhancing sonar 
applications. This very practical field can yield obvious benefits in the field of 
science, such as furthering the research in sonar-based autonomous robotic 
navigation. In this work, one of the fundamental properties of high-k acoustic 
metamaterials will be leveraged to provide metamaterial enhancements to active 
echolocation. A comparison between the functionalities of these metamaterials and 
biological systems will be done, which would show that such relatively simple 
structures can be functionally comparable to much complex biological systems. 




metamaterials can be used to enhance the autonomous tracking of a sonar robot 
greatly. 
Furthermore, a low-dimensional acoustic metamaterial that has active tunable 
properties will be developed and studied. The novelty of this metamaterial and its 
potential uses would be outlined therein. This work would prove that the study of 
acoustic metamaterials can rise beyond academic curiosity and can produce useful 
technologies and devices to solve real-world problems. 
1.4 Overview and organization of the dissertation 
1.4.1 Overview of dissertation 
The overall goal of this dissertation is to achieve an enhanced understanding 
of the properties of high-k acoustic metamaterials and use this understanding to 
investigate novel devices and applications based on the properties of the 
metamaterials. This work includes the following four research thrusts: 
 
Research thrust 1: Achieve an enhanced understanding of the requirements and 
fundamental properties of high wave vector acoustic metamaterials 
The unique criteria required to realize an acoustic metamaterial capable of sustaining 
high wave vectors are investigated in this thrust. These are the criteria that would be 
employed in realizing and studying the high wave vector metamaterials in this 
dissertation work. An enhanced understanding of the fundamental properties that high 




acoustic metamaterials. A framework for realizing and investigating the 
metamaterials would be outlined, which includes the development of specific tools 
and methods for use in studying the metamaterials. 
 
Research thrust 2: Develop and study the receptive properties of low 
dimensional high-k acoustic metamaterials 
This thrust would involve investigating two sub-cases of high-k metamaterial 
structures to achieve an enhanced understanding of their receptive properties. One of 
the sub-cases will involve leveraging one of the fundamental properties of high-k 
acoustic metamaterials to realize a low-profile acoustic metamaterial device with 
active tunable properties. In another sub-case, similarities are established between the 
functionalities of the high-k structure and a mammalian cochlea in terms of their 
signal processing features. In both sub-cases, simulation and experimental studies will 
be employed to study and demonstrate the capabilities of high-k graded-index 
acoustic metamaterials to arbitrarily control the propagation of acoustic waves 
through them over a broad bandwidth. 
 
Research thrust 3: Realize and study the emissive properties of a high-k bio-
inspired acoustic metamaterial emitter 
In this thrust, theoretical and experimental studies are carried out to achieve a 
fundamental understanding of the enhancement of sound generation in high-k 
metamaterial structures. This understanding is then used to develop an acoustic 




region. Parametric studies would be carried out to gain an understanding of the 
various intrinsic and extrinsic factors that affect the performance of the metamaterial 
emitter.  
 
Research thrust 4: Investigate the applications of high-k acoustic metamaterials 
for sonar and robotic tracking applications 
Combining the emissive and receptive properties of the high-k metamaterials studied 
in the previous thrusts, this thrust will investigate the metamaterial enhancements to a 
conventional sonar system. The vast advantages afforded by the metamaterials are 
exposed, employing analytical studies and experiments. A mobile tracking robot 
equipped with the metamaterial sonar system will be employed to demonstrate the 
metamaterial enhancement to robotic tracking applications. 
1.4.2 Organization of the dissertation 
 The rest of this dissertation is organized as follows: Chapter 2 describes the 
fundamental studies of high wave vector acoustic metamaterials. Their construction, 
properties, and study methodology are discussed therein. A miniature sensor for 
studying the metamaterials will be realized and characterized.  
Chapter 3 will address the receptive properties of low dimensional acoustic 
metamaterials. Two low dimensional metamaterials are studied herein. One of them is 
a planar high-k acoustic metamaterial with active tunable properties. First, its passive 
properties are studied via simulations and experiments followed its active properties. 




through simulations and experiments that it functionally mimics the mammalian 
cochlea.  
In Chapter 4, an investigation into a bio-inspired acoustic metamaterial 
emitter is carried out. Use is made of analytical, simulation, and experimental studies 
to investigate the intrinsic high-k properties of the metamaterial. Parametric studies of 
the design factors are also considered therein.   
In Chapter 5, applications of these metamaterials would be addressed. The 
metamaterial emitter and receiver would be combined with acoustic transducers to 
create a metamaterial enhanced sonar system, which would be studied to showcase 
their advantages over conventional sonar systems. A robotic platform with a sonar 
tracking algorithm is employed to demonstrate the advantages of the metamaterial 
enhanced sonar system. 
  Finally, in Chapter 6, a summary of the dissertation work will be provided, 











Chapter 2: Understanding high wave vector acoustic 
metamaterials 
 
The term “high wave vector” is commonly used describing some electromagnetic 
metamaterials that exhibit a set of unique and useful properties. These types of 
metamaterials can sustain waves with extraordinarily high wave vector (k) values and 
unusually high density of states (DOS), which enable them to exhibit such unique 
properties as energy confinement, wave radiation enhancement, energy transport, and 
enhanced dynamic control. These artificial structures can exist as one-dimensional 
(1D) wires, two-dimensional (2D) thin films, or bulk materials (assemblies of 1D and 
2D materials) and are designed to enable passive or active modification of their 
constitutive properties such as the magnetic permeability and the dielectric constant. 
In this chapter, it is proven that some acoustic metamaterials could properly be 
identified as high wave vector metamaterials, and they can equally exhibit similar 
characteristic properties of energy confinement and transport, acoustic wave radiation 
enhancement, and enhancement of control. Furthermore, a miniature acoustic probe is 
realized, which would be used to study the intrinsic properties of the high-k acoustic 




2.1 Motivation: Why High-k acoustic metamaterials? 
High-k electromagnetic metamaterials have recently garnered much attention because 
they can manipulate the electromagnetic density of states at broadband frequencies. 
This is mainly as a result of their ability to excite electromagnetic states with high 
momentum (high-k modes). A useful application that results from this is the ability of 
these high states to couple into emitting modes, leading to enhanced spontaneous 
emission effects and control [57]–[61]. The additional wave vectors sustainable in 
these structures are at the heart of such functionalities as sub-diffraction imaging and 
sub-diffraction mode confinement, as well as devices such as hyperlenses, negative 
index waveguides, etc.     
 Interestingly, there is strong evidence that acoustic metamaterials can 
propagate waves with high wave vectors and equally exhibit the high-k characteristics 
found in electromagnetic metamaterials in the acoustic domain [62]. Furthermore, 
many of these qualities come as a direct result of similar phenomena in 
electromagnetic metamaterials. For example, it has been discussed that the 
superlensing and hyperlensing capabilities that some acoustic metamaterials have are 
as a result of the extra wave vectors they can contain. Similar to their electromagnetic 
counterparts, the sub-diffraction imaging capability in these artificial structures is due 
to a portion of the acoustic wave energy coupling into evanescent modes, which are 
responsible for resolving objects beyond the diffraction limit [9], [16], [33], [52], 
[63]–[66]. High-k metamaterials have also been developed that enhance the emissive 




electromagnetic metamaterials [67], as well as high refractive index waveguides 
analogous to optical waveguides [27], [68]. Despite these similarities, however, high-
k acoustic metamaterials have not been systematically studied in the literature to 
establish the equivalences of the characteristics exhibited by high-k electromagnetic 
metamaterials in the acoustic domain. Such a systematic study can be of great benefit 
to the field of acoustics by, for example, establishing a reference point through which 
acoustic metamaterials can be studied, as well as using the advanced work on high-k 
electromagnetic metamaterials as a framework to advance the research high-k 
acoustic metamaterials. This underlines the motivation to realize and study the 
characteristics of high-k metamaterials, as well as demonstrate their applications.  
2.2 Types and construction of high-k metamaterials 
2.2.1 Types 
High-k metamaterials can exist either as elliptical metamaterials (EMMs) and 

















where [𝜌𝑥 , 𝜌𝑦 , 𝜌𝑧 ] and B are effective mass density tensor, and effective bulk 
modules of the metamaterial, respectively, kx, ky, and kz 
represent wavevector 




have positive, anisotropic densities, and hence the equi-frequency contour is an 
ellipse (Figure 2. 1 (a)). HMMs can be designed to have positive and negative density 
components in different directions (e.g., rx>0, rz<0 in 2D case), therefore rendering a 
hyperbolic equi-frequency contour (Figure 2. 1 (b)).  
 
Figure 2. 1 Wave vector distribution of (a) elliptical and (b) hyperbolic high-k metamaterials. 
 
An advantage of hyperbolic acoustic metamaterials is that their wave vector 
values can theoretically be unbounded, which implies unprecedented control over 
wave propagation. However, they tend to have more complicated designs compared 
to the simpler designs found in elliptical metamaterials. On the other hand, the 
elliptical equi-frequency contours in elliptical metamaterials imply their wave vectors 
are bounded, despite being higher than spherical equi-frequency contoured media. 
Although this implies their high-k capabilities are theoretically limited, they can be 




2.2.2 Construction  
The design of high-k acoustic metamaterials must adhere to the critical criterion that 
the lattice periodicity must be much smaller than the wavelength so that these 
structures can be treated as a continuous material. This criterion separates 
metamaterials from other artificial structures such as phononic crystals, wherein the 
lattice periodicity is on a scale comparable to the wavelength 𝜆. Nonetheless, high-k 
acoustic metamaterials can be constructed in a variety of ways based on the intended 
working principle. The wave confinement property of Helmholtz resonators, for 
example, can be harnessed to realize metamaterial that could sustain high wave 
vectors at some frequencies. Therefore, the design Helmholtz resonator-based high-k 
metamaterials would generally consist of some form of holey arrays, such that each 
unit cell or subunit cell has a cavity-like region and a neck-like region, which are 
constituents of Helmholtz resonating elements (Figure 2. 2 (a)) [30], [31], [35], [38], 
[40], [41], [52], [71], [72]. Due to their cavity resonance characteristic, these 







Figure 2. 2 Construction of different types of high-k acoustic metamaterials and some 
associated functionalities. 
  Space coiling metamaterials and metasurfaces have also been shown to exhibit 
high-k states, which were directly responsible for their sub-diffraction imaging 
capabilities [46], [73]–[76]. As discussed in section 1.2.3.3, there are a variety of 
ways of designing these types of high-k metamaterials, but the general idea remains to 
spatially elongate the propagating path of the acoustic waves to tailor phase shifts in 
the reflected or transmitted wavefronts As discussed in section 1.2.3.3, the induced 
delay ∆𝛷 is related to the total acoustic path L by ∆𝛷 = 𝑘0𝐿 where k0 is the free-




be understood since the induced phases generated by such structures can result in 
focusing via constructive and destructive interferences of the incident or reflected 
wavefronts (Figure 2. 2 (b)).  
Membrane-type acoustic metamaterials have particularly demonstrated high-k 
properties due to their ability to introduce wave-vector components perpendicular to 
the image plane, which are the components responsible for sub-diffraction imaging. 
The unit cells of these types of metamaterials generally involve a stretched elastic 
membrane-like material with some type of mass-like structure suspended on it 
(Figure 2. 2 (c)). The dispersion relations of these types of metamaterials could also 
be hyperbolic in shape, which evidences their abilities to withstand extraordinarily 
high-k states. Other metamaterial designs include rod arrays, plate, and groove arrays 
(Figure 2. 2 (d))[14], [27], [33], [36], [37], [77], [78].  
In all these designs, two general criteria can be deduced: First, the unit cells of 
these structures consist of two or more components. Second, there is a vast difference 
in the mass densities between the constituent materials.  For example, the density of 
air is 1.1839 𝑘𝑔/𝑚3 while that of a plastic polymer (Vero™  plastic) is 
1180 𝑘𝑔/𝑚3, giving a solid-fluid ratio of about 996. Many of the metamaterials 
boast ratios of this magnitude or more. These two criteria mean that the metamaterials 




2.3 Study methodology 
Various methods are usually used to study acoustic metamaterials, of which 
experimental, numerical, and analytical methods are most common. In this 
dissertation work, primary use is placed on experimental methods to study high-k 
acoustic metamaterials. The experiments are usually done in an anechoic room on 
metamaterials designed and printed using a 3D printer. Numerical simulations and 
analytical methods are also employed to inform the experiments and validate the 
experimental data. The analytical studies make use of established relations in wave 
physics to understand, explain, and predict the metamaterial behavior. 
In this dissertation work, the high-k acoustic metamaterials realized and 
investigated consist of arrays of plates (either circular or rectangular) separated by air 
gaps (Figure 2. 3). This is a simple yet profound way of realizing anisotropic 
metamaterials with dispersive effective parameters. It is shown in this work that such 
simple structures can educe many formidable properties characteristic of high-k 





Figure 2. 3 Typical design format of the anisotropic metamaterials investigated in this work. 
In this arrangement, air is the base medium which carries the acoustic waves, 
while the plates are generally fixed and regarded as rigid structures, like the walls of 
space-coiling and Helmholtz resonating structures. It is the interactions of the 
traveling waves in the air with the subunit plates at the intrinsic level, which produce 
the formidable high-k properties at the macroscopic level. 
2.3.1 Simulation studies 
COMSOL Multiphysics 5.3/5.4 and its Pressure Acoustics module software is 
employed to carry out simulation studies to verify and inform the design study of the 
metamaterials. Where the studies require the inclusion of losses in the model, the 
Thermoacoustics module is also included in the simulation and coupled with the 
Pressure Acoustics model so that thermal effects due to viscosity, which is 
responsible for the losses, are captured.  
To satisfy the bulk modulus disparity criterion required to realize high-k 




materials featured in metamaterials are air, and a hard polymer. In the simulation 
settings, air, with a sound speed and density of 343m/s and 1.21 kg/m3 respectively, is 
used as the background (low bulk modulus) material. A typical polymer chosen for 
the high bulk modulus material is Acrylic, whose sound speed and density are 2730 
m/s and 1190 kg/m3, respectively. In some simulations, hard-wall boundary 
conditions (Neumann) were used to simulate the metamaterial disks.  A mesh 
criterion of between λmax/20 to λmax/5 is typically used to realize an effective 
simulation with a reasonable resolution, along with a perfectly matched layer 
simulation area to act as a sound absorber, preventing the formation of echoes in the 
test space. The simulation allows for simultaneous characterization of the wave 
propagation and attenuation properties in metamaterials.  
 
2.3.2 Experimental studies 
The simulation results are used as a basis to determine an optimal final design of the 
high-k acoustic metamaterial. Computer-Aided Design (CAD) software (Solidworks) 
is used to create the metamaterial designs, which are then realized using a 3D printing 
machine (Connex Object 500 or Formlabs Form 2). In section 2.4, the metamaterials 
used for studying the energy confinement and transport properties were constructed 
using steel plates. Most of the metamaterials studied in this work usually operate in 
the ultrasonic domain, where the wavelengths are less than 1.7cm. At this scale, the 
surface roughness can play a pivotal role in the performance of the metamaterials, 




between the polymer and air. As such, the highest resolution is usually strived for 
when printing the devices. The Forms 2 machine can achieve a resolution of up to 2.5 
microns, while the Object 500 machine can achieve as low as 16 microns in 
resolution for horizontal builds.  
2.3.3 Acoustic sensor development 
The subwavelength structures of many high-k acoustic metamaterials, being in the 
millimeter scale, pose limitations in experimentally characterizing the acoustic fields 
inside the metamaterials since conventional microphones are typically too large fit in 
these gaps without severely disrupting the acoustic fields. As such, an appropriate 
sensor must be developed to properly characterize and study the deep subwavelength 
gaps of these high-k acoustic metamaterials. 
An ideal acoustic probe used for spatial field mapping in metamaterials should 
act as a “point detector” with key characteristics, such as small size, omnidirectional 
response, and a broad working bandwidth. These characteristics will collectively help 
ensure precise acoustic field measurements at any location in the metamaterials over a 
broadband spectrum without much disturbance to the wave propagation. Many small 
acoustic probes based on capacitive, piezoelectric, Micro-Electro-Mechanical 
Systems (MEMS), and fiber optic techniques have been reported in the literature. 
However, these sensors inherently have one or more limitations, such as relatively 
large device sizes, strong directional response, and limited bandwidth [79], [80].  
Commercial miniature probe microphones have been used for metamaterial 




bandwidth (audible range). Furthermore, because these microphones often rely on the 
use of rigid or flexible acoustic waveguiding tubes to indirectly measure the local 
acoustic fields, they inevitably introduce issues such as strong signal attenuation and 
distortions. 
To this end, a miniature fiber optic microphone is developed to analyze the 
deep subwavelength structures of high-k acoustic metamaterials effectively. The fiber 
optic probe is comprised of a Fabry-Pérot cavity constructed by using a graphene 
diaphragm as one mirror and a single-mode fiber end face as another mirror (Figure 
2. 3(a)). The signal from this optic probe is detected by using a white-light 
interferometry system [81].  
 
 
Figure 2. 4 (a) Diagram of the Fabry-Perot microphone tip showing key components. (b) 






2.3.3.1 Sensor fabrication process 
 The fiber optic Fabry-Perot acoustic probe is constructed by using a single-mode 
fiber (FIS S97U7US5FISCU), a capillary glass tube (Polymicro TECHNOLOGIES, 
1068150024; 323 μm and 150 μm outer and inner diameters respectively), and a 
multilayer graphene diaphragm as the acoustic pressure transducer. The fabrication 
process is illustrated in  Figure 2. 4 and summarized as follows.  
a) The glass tube is end-polished by using an abrasive paper mounted on a 
rotating polishing platform and then cleaned (Figure 2. 4 (a)).  
b) A multilayer graphene film is suspended on water and then gently touched 
with the polished end of the tube (Figure 2. 4(b)). The adherence of the 
graphene to the tube is due to Van der Waals forces.  
c) A stripped, cleaned, and cleaved single-mode fiber is carefully inserted into 
the tube from the open end using a stage and microscopes so that a Fabry-
Perot cavity with the desired length is formed between the fiber end face and 
the graphene diaphragm (Figure 2. 4(c)).  
d) A dab of liquid UV glue (DYMAX OP-66-LS) is used to fasten the fiber to 
the tube without completely sealing off the end, followed by UV curing for 1 





Figure 2. 4 Fiber optic microphone fabrication. 
 
  For a typically fabricated sensor, the finesse of the Fabry-Perot cavity is about 
2, which makes it a low finesse sensor. However, owing to the extra-small thickness 
of the graphene film, the mechanical sensitivity of the sensor is quite high, which 
does not require the Fabry-Perot sensor to be high finesse for detecting the acoustic 
field. The low finesse sensor renders a large linear range. Additionally, due to the 
low-coherence optical detection system with a tunable Fabry-Perot filter -which can 
help mitigate instability factors due to the light source fluctuations and environmental 




sensor was proven to have comparable performance to a Brüel & Kjær (B&K) 
microphone (4939-L-002) in terms of the noise floor. 
 
2.3.3.2 Properties of the fiber optic microphone 
 Graphene has unique mechanical properties, including ultra-small thickness 
(monolayer thickness of 0.34 nm), high stiffness (Young’s Modulus as high as 1 
TPa), and is highly stretchable (deformation up to 20%). These properties render the 
acoustic probe a high sensitivity, broad bandwidth, and large dynamic range [82]. 
Graphene-based acoustic probes working at the audible range (<20 kHz) have been 
previously reported. However, these sensors have been shown to exhibit strong 
directional dependence, making it difficult to obtain accurate spatial field mapping 
with them. To overcome this limitation, this fiber optic probe was made to have an 
aperture diameter of 323 mm. Because of this small size compared to the sound 
wavelength (e.g., λ = 8.5 mm at 40 kHz), an omnidirectional pressure response over a 
broad acoustic spectrum can be realized.  
 
2.3.3.3 Characterization of the fiber optic microphone  
Pressure Sensitivity: The pressure sensitivity of the fiber optic microphone is 
characterized using a speaker (Pettersson, LP 400) and a reference microphone 
(B&K, 4939-L-002). As illustrated in Figure 2. 5, the optical microphone was 
attached to the B&K microphone, and single frequency sweeping was performed for 




from both microphones and the known sensitivity data of the B&K microphone, the 
pressure sensitivity of the fiber optic probe at different frequencies was then obtained 
as  𝑆𝑓𝑖𝑏𝑒𝑟 =
𝑉𝑓𝑖𝑏𝑒𝑟
𝑉𝐵&𝐾
𝑆𝐵&𝐾, where 𝑆𝑓𝑖𝑏𝑒𝑟 and 𝑆𝐵&𝐾 are the sensitivities of the fiber optic 
probe and the B&K microphone, respectively, and 𝑉𝑓𝑖𝑏𝑒𝑟 and 𝑉𝐵&𝐾 are the voltage 




Figure 2. 5 Schematic of the characterization of the fiber optic acoustic probe using a B&K 
reference microphone. 
 
Directivity: The directional response of the fiber optic probe was characterized by 
using a rotating stage (Newport URS75BPP) and the speaker. The probe was 
mounted on the stage so that the rotation center was aligned with the probe tip, as 
illustrated in Figure 2. 6. For each frequency ranging from 100 Hz to 40 kHz, the 
probe was rotated for 360 degrees with a step of 1 degree, and the output voltages 
were recorded and plotted as a function of the angle to the speaker to obtain the 






Figure 2. 6 Schematic of the directivity measurement of the fiber optic probe. 
 
The results for the sensitivity, frequency response, and directivity 
characterization of the fiber optic probe are shown in Figure 2. 7.  It is evident that 
the fiber optic probe manifests a good sensitivity in both audible (0.4 kHz–20 kHz) 
and ultrasonic frequency (20 kHz–40 kHz) regimes. The probe also exhibits almost 
perfect omnidirectional response at different frequencies (insets of Figure 2. 7).  
Therefore, this probe can truly act as an ideal “point detector,” which is essential for 








Figure 2. 7 Characterization of the fiber optic microphone probe. The frequency response 
reveals good sensitivity of up to 40 kHz. The directivity plots (inserts) reveal its 
omnidirectional response across the tested range. 
 
2.3.3.4 Sensor interrogation system: 
 The cavity length of the tunable FP filter was initially tuned so that the fiber optic FP 
interferometry sensor worked at its quadrature point. In this case, the output voltage 
of the fiber optic probe (Vfiber(t)) was linearly proportional to the acoustic pressure. 
The fiber optic probe was mounted on a set of stages (Newport UTM50PE1 and 
VP25SA) controlled by a 3-axis motion controller (Newport Model ESP300, Figure 
2. 8). The metamaterial was placed in front of the speaker. The fiber optic probe was 
precisely positioned in the metamaterial gaps for internal field mapping, as well as 
outside for external field mapping, by using the stages. The B&K reference 
microphone was positioned at the entrance of the metamaterial device (e.g., x=0 and 




frequency sweep with input harmonic sound frequencies ranging from 200 Hz to up 
to 50 kHz. After each frequency sweep, the optical microphone was precisely 
repositioned using the stages to another location so that a spatial mapping of the 
pressure field was obtained.  
 
Figure 2. 8 Schematic of acoustic wave amplitude and phase measurements by using a 
reference microphone and fiber interferometer system. 
 
The data processing flow diagram of the measurement signal is shown in Figure 2. 9. 
For each pure tone acoustic input signal, at each position (x, z), the time domain 
voltage readings of both the fiber optic probe (Vfiber(x,z,t)) and the reference 
microphone (VBK(x,z,t)) are recorded. A Fast Fourier Transform (FFT) is performed to 
obtain the corresponding complex frequency domain data Ufiber(x,z,f) and UBK(x,z,f). 
The phase relative to the reference microphone at each position (x, z) and frequency f 





Figure 2. 9 Flow diagram of the data processing to obtain the complex acoustic fields 
(amplitude and phase) at the position (x, z) for each frequency f. 
 
By using the calibration curve shown in Figure 2. 7 and the modulus of the 




(x, z) and frequency f can be obtained as p (x, z, f). Furthermore, the measured 
complex acoustic field was obtained as: A(x,z)=p(x,z,f)eiΦ(x,z,f) , which was used to 
obtain the real value of the pressure field as: P(x,z,f)=Real 
(A(x,z,f))=p(x,z,f)cos(Φ(x,z,f)). 
2.4 Properties of high-k acoustic metamaterials 
Metamaterials that can sustain high wave vectors can display many characteristics 
that are attendant to the unique properties they enjoy. These properties can be 
summarized into three enhancements: enhancement of energy confinement and 
transport, control enhancement, radiation enhancement. In this section, these 
properties are analyzed with regard to acoustic metamaterials. As a case study, use 
will be made of variations of the anisotropic metamaterial types discussed in section 
2.3. It is shown that such simple elliptical metamaterials can be designed to exhibit all 
three unique high-k metamaterial properties. 
2.4.1 Energy confinement and transport 
 High-k metamaterials used for the manipulation of acoustic wave radiation and 
energy transport can be designed to have a close resemblance to low-dimensional 
semiconductors and metals used for controlling light-matter interactions such as 
quantum wells/wires, nanowires, graphene and their assemblies [12], [14], [27], [61], 
[68], [83], [84]. The high acoustic density of state (ADOS) they avail to the acoustic 




efficiency of the source significantly. The radiated energies tend to have a preference 
for a channel with a high ADOS, enabling the transportation and containment of the 
wave energy within the high-k metamaterial structure. This closely resembles the 
photon transport behaviors of atom-nanowire coupled systems [83]. Additionally, the 
wave propagation direction across the high-k metamaterials can be altered by 
designing the metamaterials with asymmetric geometric characteristics, to enable 
radiation enhancement in one direction and suppression in the other [85], [86]. 
2.4.1.1 Analytical study of the energy confinement 
 It has been demonstrated that graded-index acoustic metamaterial waveguides can 
confine and transport acoustic waves in a similar manner to electromagnetic 
waveguides. An analytical model of such a device was developed in our research 
group [14]. Consider a simple two-dimensional (2D) case where the metamaterial is 
comprised of an array of solid plates placed in the air environment, and wave 





Figure 2. 11 2D acoustic metamaterial waveguide. 
The equivalent medium model is developed to underscore the wave 
compression effect exhibited by a graded-index acoustic metamaterial waveguide.  
The dispersion of this metamaterial has been determined to be [14] 
 














where [(1 ) ]x air steel steel airF F    = − + ,  (1 )air steel steel airB B B F B FB= − +  are 
effective density and bulk modulus of the metamaterial, respectively, ω is the 
frequency of the acoustic wave, and 𝑤 = 𝑤(𝑧)  is the width of the plates. F is the 
filling ratio of the rigid plates, which is defined by 𝐹 = (𝑝 − 𝑔)/𝑝, where p is the 
periodicity of the structure and g is the size of the air gap. The anisotropic nature of 
the metamaterial with a vast difference in effective densities ρx and ρz enables the 




a high refractive index metamaterial. The decreased speed and increased wave vector 
result in the compression of the acoustic waves in the medium, thus increasing its 
energy density. This can be seen in the closed-form pressure field equation that 
describes the spatial oscillation and response along the z-axis: 
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Here ( , )eff air MMn c k z  =  is the effective refractive index of the metamaterial 
structure. From equation 2.3 above, the traveling wave behavior, wave (pressure) 
amplification, energy localization, as well as spatial separation of frequencies in this 
class of metamaterial structures can be characterized. Based on  equation 2.3, the 







Figure 2. 12 Pressure and refractive index distribution along the metamaterial at 7.5 kHz, 
illustrating the wave compression effect.  
 
It is clear from Figure 2. 12 above that the graded-index metamaterial 
waveguide provides a medium of increasing effective refractive index neff in the z-
direction, which results in the increased wave vector and pressure amplitude in that 
direction.  Because the acoustic energies tend to favor channels with high ADOS,  the 
energy is confined to travel along the waveguide. 
  
2.4.1.2 Experimental demonstration of energy confinement and transport 
 To better understand the energy confinement and transport and related properties of 
these types of high-k acoustic metamaterial, a double-tapered anisotropic 
metamaterial waveguide is realized for experimental studies (Figure 2. 13). The 
metamaterial waveguide has a double tapered configuration with three sections: two 




Section 1 is used to ensure efficient wave coupling from the free-space into the 
metamaterial, which is similar to the light coupling scheme used in nanophotonic 
devices_ENREF_31 [87]. Section 2 plays an important role in maintaining stable 
wave propagation along the metamaterial waveguide, which is used for the 
characterization of wave-guiding and dispersion properties. Section 3 is used to 
overcome the wave impedance mismatch between the metamaterial and the 
surrounding medium so that the reflection modes are eliminated, and no standing 
wave interference occurs in the metamaterial waveguide. 
 
Figure 2. 13 Schematic of a double tapered metamaterial waveguide with three sections. It is 
comprised of an array of stainless plates spaced by air gaps with thickness t=1.4 mm and an 
array periodicity of p=3.3 mm. The uniform section (Section 2) is constructed with 100 plates 
of a constant width w=20 mm.  Sections 1 and 3 are identical tapered structures, and the 
plate width w increases from 2 to 20 mm with a step of 0.5 mm. For simplicity, the 
metamaterial waveguide can be considered as a 2D system where the wave propagation is 





To verify this metamaterial’s ability to effectively transport acoustic energy, a point-
by-point pressure amplitude and phase measurements (i.e., one-dimensional (1D) 
field mapping) along the propagation axis of the metamaterial waveguide for various 
input sound frequencies is performed using the miniature fiber optic microphone. 
Representative measurement results for the entire metamaterial device are shown in 
Figure 2. 14 (a) and (b). First, it can be noted that at 5.5 kHz (Figure 2. 14 (a)), the 
measured pressure is nearly continuous along the metamaterial waveguide because 
the array periodicity (p =3.3 mm) is much smaller than the sound wavelength (~62.5 
mm) (i.e., p ~ λ/18). This confirms that the discrete metamaterial structure can be 
regarded as a continuous medium along the wave propagation direction [14]. The 
wave energy is effectively guided through this acoustic metamaterial at this frequency 
with a high DOS (the sound pressure levels inside the waveguiding sections -blue 
dotted lines- are higher compared to the tapered sections). 
It should be noted, however, that energy propagation is halted for waves with 
frequencies beyond the stopband, as noted in Figure 2. 14 (b). For example, in Figure 
2. 14 (b), a 12 kHz acoustic wave is seen to fall into the cut-off band of the 
metamaterial waveguide, and most of the propagating waves are trapped in Section 1 
without entering the uniform waveguide region. This bandgap phenomenon is 






Figure 2. 14 (a) and (b) 1D pressure field mapping at an input sound frequency of 5.5 kHz 
and 12 kHz, respectively. 
 
Furthermore, a 2D full spatial mapping of the internal and external pressure 
fields of the metamaterial structure was also performed to reveal more of the wave 
propagation characteristics in the metamaterial. Because the metamaterial structure is 
symmetric about the y-z plane, half of the x-z plane is measured. The measured 2D 
pressure fields for a segment of the metamaterial (z=165 mm to 225 mm, the blue 
highlighted region in Figure 2. 14 (a) and (b)) waveguide are shown in Figure 2. 15 
(a) and (b). At 5.5 kHz (Figure 2. 14 (a)), the guided wave in the metamaterial is 
shown to propagate freely along the propagation (z) direction. However, it is strongly 
confined along the transverse (x) direction, as can be seen from the evanescent fields 




acoustic waves at the cut-off band (12 kHz) are mostly prohibited from the 
metamaterial, producing a “silent zone” inside the metamaterial region. The small 
field oscillations observed inside the uniform waveguide may be due to the weak 
coupling of the external free space waves into the metamaterials from the boundary.   
 
 
Figure 2. 15 (a) and (b) 2D field mapping at 5.5 kHz and 12 kHz for the specific region 
highlighted in Figure 2. 14 (a) and (b) (z=165 mm to 225 mm), respectively.  The dashed line 
represents the metamaterial/air interface. 
 
With the help of the spatial mapping, it is possible to distinguish the bounded 
surface waves from the unbounded free space waves propagating along the 
metamaterial/air interface. For instance, as shown in Figure 2. 14 (b), the wavefront 
periodicity for the acoustic waves propagating at the interface can be obtained as 
λ=30 mm, and the corresponding wavevector is k=2π/30 mm-1. This is almost the 
same as the free space wave vector kair=2π/29 mm




are free space waves. On the other hand, if the traveling waves at the metamaterial/air 
interface have wavevectors larger than that of the free space waves, they should be 
classified as bounded surface modes [46]. This demonstrates how the acoustic 
metamaterial achieves high DOS within its frequency band.  
 
2.4.1.3 Wave propagation mechanism 
 It is known that in conventional acoustic waveguides (e.g., acoustic tubes), the field 
confinement and waveguiding usually rely on hard-wall wave reflections (Figure 2. 
16 (a), top). By using the measured 2D pressure field gradient, the air particle 
velocity fields are obtained, enabling the experimental exploration of the field 
confinement and waveguiding mechanism of this anisotropic metamaterial 
waveguide. Figure 2. 16 (b) shows the measured pressure and velocity fields 
(obtained from the pressure gradients) inside and outside of the metamaterial uniform 
section. Air particle oscillations inside the gaps can be induced by the internal and 
external pressure gradients, which spread beyond the arrayed structure. This enables 
gap-to-gap wave coupling through evanescent fields and renders sustainable guided-
mode propagation along the metamaterial waveguide, as illustrated in the bottom of 
Figure 2. 16 (a). These experimental results, therefore, demonstrate that the 
waveguiding mechanism of anisotropic acoustic metamaterials is distinctively 
different from that of classical acoustic waveguide systems.  It is interesting to note 
that the confinement and guiding of acoustic waves in the metamaterial waveguide 
closely resemble the optical guided modes supported by a dielectric slab waveguide. 




systems (Figure 2. 16(c)). This evanescent coupling method of wave propagation in 
this type of anisotropic high-k acoustic metamaterials is a key aspect that could 


















Figure 2. 16 Schematic of waveguiding mechanisms. (a), top: conventional acoustic 
waveguide and (bottom) metamaterial waveguide based on the microscopic perspective. (b) 
Measured pressure (colored map) and particle velocity fields (arrows) in the metamaterial 
waveguide. The length and direction of arrows indicate the magnitude and directions of air 
particle velocity. The gray bars represent the waveguide structure.  (c) An optical analogy of 
the guided wave obtained by using finite-difference time-domain (FDTD) simulations. To 
establish an equivalence, the optical waveguide was chosen to have the same effective 
refractive index of n=1.3 as the acoustic metamaterial waveguide working at 5.5 kHz. Also, 
the normalized excitation frequency of the optical waveguide was chosen to be equal to that 
of the acoustic metamaterial waveguide, i.e. 𝑓𝑜𝑝𝑡𝑖𝑐 = 𝑓𝑎𝑐𝑜𝑢𝑠𝑡𝑖𝑐 = 𝑤/𝜆 = 0.32 , where w=20 
mm is the width of the acoustic waveguide, and  λ=62.5 mm is the sound wavelength at 5.5 
kHz. The optical wavelength λ = 1550 nm and optical waveguide width of 500 nm were 







 2.4.2 Enhancement of control 
The underlying reason behind the existence of acoustic metamaterials is to acquire the 
ability to control acoustic wave propagation beyond what is possible with naturally 
occurring materials. It can, therefore, be expected that high-k acoustic metamaterials 
would likewise exercise additional control of acoustic waves. As outlined in section 
2.2.2, a high-k acoustic metamaterial is artificially engineered by combining materials 
with vast differences in their material properties. The characteristics that the 
macrostructure takes on are, therefore, directly related to the geometry and assembly 
of its constitutive components. Additionally, the structures could be designed to 
enable the modification of the unit cells, which would bring about additional control 
of the wave propagation. When this is done, an active acoustic metamaterial is 
formed [42], [88]–[92][93].  
There are, however, some unique ways in which high-k metamaterials 
enhance the control of acoustic waves that cannot readily be achievable with other 
metamaterial types. This can be seen by comparing the dispersion curves (i.e., k-ω 
relation) of high-k metamaterials and other low-k structures (Figure 2. 22). The group 
velocity of the propagating waves, which corresponds to the slope of the dispersion 
curve, is comparatively lower in the high-k region of high-k metamaterials than in the 
low-k structures. Because this temporal retardation of the acoustic waves comes as a 
direct consequence of the metamaterial’s design, it follows that the high-k 
metamaterials could procure additional control of the waves. For example, the abrupt 




Snell’s law of refraction has been discussed. This ability was identified to be a direct 
result of the metamaterial’s ability to sustain high-k states, which, in space-coiling 
metamaterials, is due to temporal retardation of the waves. 
 
  
Figure 2. 22 Stimuli induced frequency change in high-k metamaterial versus low-k media. 
The frequency change Δω brings about a larger momentum change in the high-k 
metamaterial ∆𝑘𝑀𝑀 than in the low-k medium ∆𝑘𝑎. 
   
It is also discernable that any small stimulus which brings about a change in 
frequency (∆𝜔 = 𝜔2 − 𝜔1) would cause the attainment of comparatively more k-
states in the high-k metamaterial; -states that are unattainable in low-k structures at 




higher in high-k metamaterials than in low-k metamaterials, which implies that 
significant modifications of the wave properties are achievable by using a small 
external stimulus with high-k materials than with low-k metamaterials. Furthermore, 
the dispersion curve usually assumes a nonlinear shape, which means that the group 




zero, which would mean a complete arrest of the progression of the waves in the 
structure. In this way, such high-k metamaterial could pass some frequencies while 
stopping others, thus exerting more control over the acoustic wave propagation.  
In the double-tapered experimental structure in Figure 2. 13, the dispersion of 
the metamaterial waveguide was experimentally obtained by implementing a Spatial 
Fourier Transform (SFT) of the measured acoustic fields in the uniform section. As 
illustrated in Figure 2. 18 (a), the wave-vector of traveling waves at a specific 
frequency can be found at the peak amplitude of the SFT results. Therefore, by 
varying the frequencies of the input acoustic waves, the dispersion curve of the 






Figure 2. 18 (a) Normalized pressure amplitude as a function of wavevector at different input 
sound frequencies. (b) Experimentally obtained dispersion curve for the uniform waveguide 
section compared with that in air and that from FEM simulations. 
 
Compared to the free space (air) dispersion, it is evident that the metamaterial 
allows wave propagation with a larger wavevector kMM over a broad frequency range. 
The dispersion measurements provide clear experimental evidence that the wave-
vector 𝑘 can be parallel to the group velocity 𝑣𝑔 = 2𝜋𝜕𝑓 𝜕𝑘⁄  in the anisotropic 
metamaterial, therefore realizing a positive effective refractive index larger than that 
of air (e.g., 𝑛𝑒𝑓𝑓 = 𝑘𝑀𝑀 𝑘𝑎𝑖𝑟 =⁄ 1.3 at 5.5 kHz and 𝑛𝑒𝑓𝑓 = 2.4  at 7.8 kHz). The 




the effective medium model. In chapter 3, it will be shown that a high-k planar 
metamaterial receiver developed in this work is capable of achieving additional 
control over acoustic waves by allowing one of its physical parameters to be actively 
tunable. 
 
2.4.2 Radiation enhancement 
In electromagnetic metamaterials, the high DOS property is usually used to enhance 
spontaneous emission of photons [34], [57], [58], [61], [83], [94] using such 
mechanisms as Fabry-Perot resonances and the Purcell effect. The latter is a 
phenomenon where an atom radiates much faster in a wavelength-size resonant cavity 
than in the free space. This condition is can equally be observed in high-k acoustic 
metamaterials because, in principle, the implication of a high-k medium for wave 
propagation is that the wavelengths spatially compressed while the frequency is 
preserved (Figure 2. 19). Frequency preservation and wavelength reduction result in a 
concentration of the wave energy, thus enabling high-k acoustic metamaterials to 
achieve extraordinarily high wave energy densities within them. The acoustic 
equivalence of Purcell enhancement has been demonstrated [67], wherein an emitter 
embedded within a high-k structure produced elevated pressures. It has also been 
demonstrated that resonance effects from metamaterial cavities can be used to 
enhanced acoustic pressures from emitters [95], as well as the use of high-k rod 






Figure 2. 19 Schematic of wave compression and energy density enhancement. 
 
 In chapter 4, it will be shown that the high-k acoustic metamaterial emitter 
developed in this work can yield extraordinary enhancement to the acoustic radiation 
power. By availing a high impedance medium to an embedded emitter, elevated 
power can be extracted from the source and coupled into free space. It should be 
noted that such an effect is similar to the Purcell effect common in electromagnetic 







The unique properties exhibited by high-k acoustic metamaterials deserve in-depth 
study and understanding. The fundamental criterion for creating a high wave vector 
medium for acoustic wave propagation is that there must be a vast difference in the 
mass densities between the constituent materials so that the lattice periodicity remains 
much smaller than the wavelength. A successful combination would create a material 
with enhanced acoustic energy transportation and radiation properties, as well as 
frequency-dependent energy enhancement characteristics. Exploiting these properties 
can lead to the development of new acoustic technologies, such as phonon routers, 
compact beam steering systems, passive and active acoustic filters, and switches.  
  This chapter has discussed the two categories of high-k acoustic 
metamaterials, namely elliptical and hyperbolic metamaterials, according to their 
equi-frequency contour plots. The typical properties exhibited by high-k acoustic 
metamaterials have been addressed, namely energy confinement and transport, 
radiation enhancement, and enhancement of control. High-k acoustic metamaterials 
exhibit radiation enhancement properties different from single cavity resonating 
materials. One method by which the metamaterial confines and transports the energy 
in acoustic waves was discussed and experimentally demonstrated using an 
anisotropic metamaterial waveguide. The design of these metamaterials, coupled with 
their unique characteristics, can give them the flexibility to tune their parameters, 




the frequency bandwidth of these metamaterials can be tuned by altering geometric 
parameters.  
Because the metamaterials studied in this work are compact – their 
subwavelength unit cells being in the millimeter scale – a fiber optic probe was 
realized to enable their characterization without disrupting the acoustic field. The 
fiber optic acoustic point detector has a small size, broadband working range, and 
omnidirectional, making it ideal for use to perform spatial mapping of internal and 
external acoustic fields of the deep subwavelength structures of metamaterials. The 
optical sensing system and the metamaterial study method has also been discussed. 
This chapter has underscored the need to study high-k acoustic metamaterials along 
with the fascinating properties they can have and can serve as a framework to further 







Chapter 3: Low dimensional high-k acoustic 
metamaterials for reception  
High-k acoustic metamaterials have incredible abilities to modify the acoustic waves 
within their subwavelength unit cells. Placing a sensor directly in the subwavelength 
cavities of the metamaterial can enable direct access to these modified waves within 
the structure. This would help provide access to high-k states and properties that 
typically occur well within or close to, the metamaterial medium. Metamaterials that 
allow for this type of capability can be very useful in a wide range of areas, including 
acoustic circuitry, acoustic filters, enhanced acoustic sensors, and sonars. In this 
chapter, reception-based high-k graded-index acoustic metamaterials are realized and 
studied. The exotic characteristics of this class of metamaterials are exposed through 
two main designs: a low-dimensional tapered planar metamaterial, and a conical 
shaped metamaterial. It is shown that, while maintaining a small, low-dimensional 
profile, these metamaterials can achieve strong wave confinement and energy 
enhancement properties, as well as spatial separation of frequency components within 
their structure, giving rise to a passive acoustic filter and switch. 
Interestingly, this feat is analogous in functionality to the mammalian cochlea. For the 
first time, it is shown that such a simple structure is capable of functionally 




planar metamaterial can be actively tuned, broadening the capability bandwidth of the 
structure. Such a tunable metamaterial platform enables the development of 
functional compact devices related to acoustic sensing and communication systems 
and expands the capabilities of the development of acoustic time-varying circuits and 
its related areas.  
3.1 Motivation 
A fundamental characteristic of high-k acoustic metamaterials is their ability to 
enhance control of their emissive and receptive characteristics, as discussed in section 
2.4. When designing and realizing acoustic metamaterials, it is often desirable for the 
structures to have as small a footprint as possible so that they can easily be 
manipulated. Savings in terms of weight, complexity, and size, is usually beneficial 
because it enables effortless integration into small devices such as motherboards, and 
miniature platforms. The challenge, however, remains how to accomplish this feat 
because although the unit cells of these artificial structures are well in the 
subwavelength dimensions, the whole structure can often be bulky, posing severe 
limitations to their integration into other useful systems. For example, passive 
acoustic filters such as those developed using a technique called acoustic rainbow 
trapping can find immediate applications in areas such as electro-acoustic devices and 
circuits because they promise to relieve the electronic layer from some tasks such as 
filtering and amplification [12], [37], [96]. Ironically, however, because these devices 
tend to be bulky, with the whole structure usually measuring several wavelengths in 




been promising attempts to realize “acoustic rainbow trapping” metamaterials with a 
small footprint [38], but integrating sensing systems into such structures remains a 
challenge.  
Furthermore, metamaterials that are only passive in design would have 
characteristics that are essentially frozen in scope, imposing limitations on their 
performance. Overcoming these challenges and further broadening the capability 
bandwidth of these passive metamaterial structures will provide obvious benefits in 
the study and uses of acoustic metamaterials, and they can enjoy such features as 
broader frequency bandwidths, energy transmission attenuation, beam steering, etc. 
[40], [43], [89], [91], [97] Since the unique characteristics possessed by acoustic 
metamaterials are afforded by the design and placement of their unit cell components, 
it follows that by enabling one or more of the physical parameters to be alterable, an 
active acoustic metamaterial can be realized [40], [89], [98], [99]. It, therefore, 
becomes easy to discern that low dimensional acoustic metamaterials with active 
tunable properties can be very desirable and holds the promise of solving the size 
constraint faced by many metamaterials while having a broad usability bandwidth. 
In this chapter, low dimensional acoustic metamaterials with unique passive 
properties of signal amplification and filtering are developed and studied (Figure 3. 
1(a) - (c)). One of these low dimensional metamaterials is capable of such active 
properties as switching and delay control (Figure 3. 1 (d)). With the capability of 
sustaining waves with wave vectors much higher than the surrounding free space, 
these devices enjoy unique characteristics of energy enhancement and enhancement 




properties of bio-acoustic systems, such as wave trapping, amplification, and spectral 
decomposition present in mammalian cochleae ( Figure 3. 1(b)). 
 
 
Figure 3. 1 (a) Schematic of the low-profile on-chip acoustic metamaterials with active 
capabilities. (b) Schematic showing the mechanical wave amplification and spatial frequency 
separation property of the mammalian cochlear (left), and equivalent pressure amplification 
and spatial separation of frequencies exhibited by the conical metamaterial receiver (right). 
(c) and (d) Illustration of the passive characteristics and active properties of the planar low 
dimensional “on-chip” acoustic metamaterial, respectively. 
 
The planar acoustic metamaterial is designed to enable active reconfiguration 




real-time, giving rise to such active properties as frequency tuning and switching, as 
well as pulse retardation (Figure 3. 1 (d)). This tunable acoustic metamaterial has a 
low profile, which renders it suitable for integration in confined spaces such as 
embedding in mechanical components or inclusion into electrical components on the 
chip level. An area that can benefit from this feat is in electro-acoustic sensing 
systems by moving such tasks as amplification, filtering, and phasing from the 
electronic layer to the physical layer. 
 
3.2 Metamaterial design, fabrication, and experimental setup 
3.2.1 Design and fabrication 
Two types of low dimensional acoustic metamaterial receivers are studied in this 
work: the planar “on-chip” acoustic metamaterial and the conical receiver acoustic 
metamaterial. The planar on-chip acoustic metamaterial is based on the graded-index 
class of acoustic metamaterials, with unit cells comprising of solid-fluid (polymer-air) 
anisotropic subunit composites. The entire metamaterial structure is tapered so that 
the gradual increase in the plate sizes produces a medium of increasing refractive 
index with minimal impedance mismatch.    
The metamaterials consist of plates 1 mm thick and 5 mm in height. The 
width of the plates increases linearly from 1mm to 15 mm at the aft end. Two 
different periodicities were used in this study. To study the passive properties of the 




gaps was used (Figure 3. 2 (a), bottom). This design boasts a slightly higher 
frequency response and finer passive frequency filtering characteristics. For 
investigating the active properties, a metamaterial with a periodicity of 5 mm is used 
because its larger gaps of 4 mm reduced the capillary and meniscus effect observed 
when liquid is added, which improves its active performance compared to that with a 
3 mm periodicity (Figure 3. 2 (a), top). This design has 18 plates as opposed to 30 in 
the previous design to maintain the overall length of 83 mm. The design also has 
“arms” with grooves used for fixing an acoustic sensor on the last gap during 
experiments, as well as a surrounding casing to render it capable of holding liquid. 







Figure 3. 2 (a) Photo of passive and active on-chip metamaterials. The passive device 
consists of 30 plates separated by 2 mm air gaps while the active device consists of 18 plates 
separated by 4 mm gaps. The active device is designed in a surrounding container to hold 
liquid, with arms for sensor attachment. Isopropanol (dyed blue in the picture) is used to 
actively tune the exposed plate heights of the metamaterial. (b) CAD rendering of the conical 
receiver metamaterial. The microphone used is a Sisonic ultrasonic microphone 
(SPU0410LR5H-QB). (c) The thickness of the plates and air gaps are t = 2 mm and g = 1.5 
mm, respectively. The device consists of 24 plates, with widths w ranging from 2 mm to 8.95 
mm.  
 For the conical receiver metamaterial (Figure 3. 2 (b)), its dimension needed 




compression of the acoustic waves [100], [101], for which a length of  𝐿 ≈ 6𝜆 was 
chosen. Acoustic waves travelling through the reception metamaterial would 
encounter a serious impedance mismatch at the metamaterial-free space interface at 
the rear, which would create a backward traveling wave in the metamaterial. To 
minimize the influence of this backward traveling wave on the inserted microphone, 
three additional disks are included behind the design disk. The acoustic metamaterials 
were designed using 3D software (Solidworks) and were realized via 3D printing. A 
Stereolithography-type printer (Formlabs Form 2) was employed to realize the 
conical metamaterial structures out of a rigid polymer (White FLGPWH04). 
3.2.2 Experimental setup 
To conduct the experiments with the low-dimensional metamaterial receivers, each 
device was placed in front of an ultrasonic speaker (Pettersson, LP 400) with a 
reference microphone (B&K 4939-L-002) between them. The fiber optic microphone 
used to probe the subwavelength structures of the metamaterial was connected to its 
optical interrogation system comprising of a light source (ThorLabs 1310nm SM), a 
tunable filter (Micron-Optics FFP-TF2), a 2x1 coupler (Gould Fiber optics 1-28450 
78) and a photodetector (New Focus Model 2011) (Figure 3. 3 (a)). The B&K 
reference microphone (Figure 3. 3 (b), top) was used to calibrate the fiber optic probe 
so that the acoustic pressure levels could be directly obtained from the probe 
readings. A stage (Newport UTM50PE1) was used to precisely position the probe 
between the metamaterial gaps for the characterization and spatial mapping. A DAQ 




where the signals were generated and processed using LabVIEW software. For the 
planner on-chip acoustic metamaterial, the setup was such that it was flush with the 
surface, with the speaker 41.5cm away. 
 
 
Figure 3. 3 (a) Schematic of the experimental setup and the sensing system. The fiber optic 
detection system consists of a superluminescent diode (SLD) light source, tunable filter, 
coupler, and a photodetector connected to a computer through a data acquisition (DAQ) 
card. (b) Picture of the B&K reference microphone and the fiber optic microphone. The B&K 
has a diameter of 7 mm, while the fiber optic microphone is 323 µm in diameter. 
 
3.3 Metamaterial characterization studies 
The graded-index anisotropic metamaterial design that these metamaterials are based 
on has many rich reception-based properties. These properties come as a result of the 
interaction of acoustic waves with their subwavelength unit cells, and the properties 




demonstrated using the planar metamaterial, extensive use is made of this design to 
showcase the formidable properties afforded by this type of metamaterial. Care 
would, however, be taken to highlight the unique differences between the two, such 
as that afforded by the active component of the planar on-chip metamaterial. 
To begin the study on the planar on-chip metamaterial, 2D FEM simulations 
are conducted on the metamaterial to gain an understanding of its wave propagation 
and guiding mechanisms. In Figure 3. 4 (a), it is evident from the frequency response 
curve of the 30-plate metamaterial that 2 distinct modes are supported: the 
fundamental mode at 18 kHz and a higher-order mode at 34 kHz. The first mode is 
discernable from the dispersion curve in Figure 3. 4 (b), which corresponds to the 
frequency where the vertical asymptote is reached at 18 kHz (cut-off frequency). 
Aside from the apparent amplitude difference between the two modes, there is a 
remarkable difference in their mode shapes, which can be observed by employing a 
FEM spatial pressure mapping of the last gap at the frequencies. It reveals that the 
fundamental mode shows a centrally located single peak, while the higher-order mode 
exhibits a tri-peak mode shape. This higher-order mode is consistent with the third-
order modes because this metamaterial is capable of exciting only antisymmetric 





Figure 3. 4 (a) Simulation of the frequency response characteristics of the last gap of the 
planar passive acoustic metamaterial. The inserts are simulations of the mode shapes of the 
fundamental mode (18 kHz) and a higher-order mode (34 kHz). (b) Normalized dispersion 
curve of the last gap of the metamaterial from the simulation. Normalization is with respect 
to the free space wave vector. 
 
These simulations are further experimentally verified by probing the last gap 
of the acoustic metamaterial using a low-profile fiber optic microphone ( Figure 3. 5 
(a) and (b)). These experimental scans from the gap center outward (y-axis) and 
upward (z-axis) agree with the simulation and are useful findings in understanding the 





Figure 3. 5 Experimental scans of the last gap of the metamaterial to show the mode shapes 
of the first two modes. (a) shows outward scans (y-direction) from the center, while (b) shows 
upward scans (z-direction) from the center. 
 
Next, a spatial mapping of the acoustic field of the metamaterial gaps and the 
surrounding space is done, which reveals the metamaterial’s operation in confining 18 
kHz acoustic waves towards its last plate (Figure 3. 6 (a)-(d)). The experimental 
results agree with the simulations, of which interesting observations can be made. 
First, the acoustic pressure field is observed to be continuous along the propagation 
direction of the metamaterial as a result of the metamaterial’s periodicity being much 
smaller than the free-space wavelength (𝜆18 𝑘𝐻𝑧~19𝑚𝑚). Therefore this discrete 
metamaterial structure can be regarded as a continuous medium along the propagation 
direction[27]. Furthermore, it is also perceptible that the metamaterial gradually 
increases the wave vector in the propagation direction from 𝑘𝑎𝑖𝑟 = 332.6 𝑚
−1 to 
𝑘𝑀𝑀 = 1047.2 𝑚




𝑘𝑎𝑖𝑟 𝑘𝑀𝑀 = ⁄ 3.15 at 18 kHz. This observation is also substantiated in the 
metamaterial dispersion plot (Figure 3. 4 (b)), which verifies that this on-chip 









Figure 3. 6 Simulation (a) and (b) and experimentally obtained (c) and (d)) spatial mapping 
of the acoustic field of the metamaterial to an 18 kHz incident plane wave. The red dotted 
lines in (c) and (d) highlight the confining effect of the metamaterial due to the gradual 
change in refractive index across the space. 
It is worth noting that this change in the wave vector of the propagating waves 
in the metamaterial space does not occur abruptly across the air – metamaterial 
interface in the x-y and x-z planes. Rather, this change is gradual and becomes more 
pronounced with the propagation of the wave in the metamaterial until the maximum 
wave vector condition for periodic structures 𝑘𝑚𝑎𝑥 =
𝜋




is reached. This kmax condition corresponds to the wave vectors in the first Brillouin 
zone boundary [102], [103]. The interface between the unaffected free space 
propagating waves and the high-k waves results in a semi-cubical parabolic 
convergence phenomenon that can be perceived in the spatial mapping of the acoustic 
field (Figure 3. 6 (a)-(d) highlighted by the red dotted lines). Furthermore, the spatial 
concentration of the wave energy is achieved through the compression of the 
wavelength along the length of the metamaterial, which enables this metamaterial to 
achieve a higher acoustic density of states [14] (Figure 3. 7 (a) and (b)). This wave 
compression effect is a key phenomenon in graded-index acoustic metamaterials and 





Figure 3. 7 3D plots of the experimentally obtained spatial field mapping of the acoustic field 
along the vertical plane (a) and the horizontal plane (b). 
 
3.3.1 Role of vertical space above the on-chip metamaterial  
It has been demonstrated that the x-y space (according to the coordinate system in the 
insert of Figure 3. 4 (a)) around this type of graded-index acoustic metamaterial is 




In addition to that, it is shown here that the vertical space (z-space) above the on-chip 
acoustic metamaterial plays a critical role in the functionality of this device. The open 
design allows for evanescent coupling of the acoustic waves in the adjacent gaps to 
take advantage of the space above the structure, such that this metamaterial assumes 
characteristics beyond a 2D device.  
To observe this phenomenon, two simulation studies are performed on two 
types of unit cells. In Figure 3. 8 (a), the velocity field of a single periodicity of the 
uncovered metamaterial is simulated. It can be observed that the gap-to-gap coupling 
of the acoustic waves makes use of both the sides of the metamaterial gaps (arrows 
Va) and the top of the metamaterial (arrows Vb). If the top of the metamaterial is 






Figure 3. 8 (a) Simulated unit cell of an uncovered metamaterial structure. The plate is 1 mm 
thick, 5 mm tall, and 15 mm wide. The unit cell comprises of the pate and a 2 mm air gap (1 
mm on each side), with an imposed repeated boundary condition to simulate infinite plates. 
The red arrows indicate the velocity profile of the air media. (b) A simulated unit cell of a 
covered metamaterial structure. The dimensions of the unit cell are similar to that in (a), 
except for the added 1 mm thick cover. The turquoise arrows indicate the velocity profile of 
the air media. 
 
To demonstrate the effect that this phenomenon has on the metamaterial’s 




metamaterials with different heights (Figure 3. 9 (a)). In one set of experiments, the 
top of the metamaterials is left open to enable the evanescent coupling of acoustic 
waves to take advantage of the top of the metamaterial gaps as in Figure 3. 8 (a). In 
this configuration, it can be observed from the frequency response of these 
metamaterials that the height of the metamaterial plates determines the optimal and 
cut-off frequency of the structures, with taller plates having lower cut-off frequencies 








Figure 3. 9 (a) Metamaterials of different heights used to demonstrate the use of the space 
above the metamaterial structure. Each metamaterial shown has a periodicity of 2 mm with a 
gap size of 1 mm. The heights of the metamaterial plates are as shown. (b) Experimental 
setup of the showing MM1 covered with an acrylic plate. 
In another configuration, the top of the metamaterial is covered (Figure 3. 9 
(b)) to confine evanescent coupling to occur only through the sides of the structure, as 
in Figure 3. 8 (b). The frequency sweep in this configuration, as depicted in Figure 3. 
10 (b), reveals that the height difference between the metamaterial plates plays no 
role in the cut-off frequency of the metamaterial. As such, achieving tunability by 




observed that the covered devices have an overall lower working frequency than their 
uncovered counterparts, with the plate heights playing a role only in the gain of the 
devices. It should be noted that these metamaterials are printed with a coarser 
resolution compared to the prints used in the rest of this chapter. As such, the gains 
presented are comparatively lower than expected, which is due to the viscous and 
thermal losses in these structures. 
 
Figure 3. 10 (a) Frequency response of the uncovered metamaterials. (b) The frequency 





3.4 Broadband filtering effects of the receiver metamaterial 
These low dimensional acoustic metamaterials are capable of broad-band filtering of 
acoustic waves. To see these characteristics at work, the on-chip metamaterial is 
subjected to a series of Gaussian pulses. First, to verify the ability to amplify acoustic 
pulses well within the working frequency bandwidth of its last plate, the passive 
metamaterial is insonified with a Gaussian pulse centered at 18 kHz with a 1 kHz 
bandwidth (Figure 3. 11 (a) and (b)). It is discernable from the time domain plots in 
Figure 3. 11 (a) that there is a markedly significant difference in amplitude between 
the pulses with and without the metamaterial. This signal amplification is also evident 





Figure 3. 11 (a) Time-domain comparison of an 18 kHz pulse with a bandwidth of 1 kHz 
through the metamaterial versus without the metamaterial. Normalization is with respect to 
the peak of the pulse without metamaterial. (b) Comparison of the FFT of the pulses in (a). 
 
Next, the filtering effect that the metamaterial has on a pulse is verified by 
subjecting the metamaterial to a pulse with a center frequency of 20 kHz and a 
normalized bandwidth of 0.2. This pulse would have more than half of its frequency 
components beyond the cut-off frequency of the metamaterial. If the probe is inserted 
in the last gap of the metamaterial where the cut-off frequency is ~19 kHz and 




domain, as depicted in Figure 3. 12 (a). A frequency analysis of the received pulses at 
the probe with and without the metamaterial shows that the former is devoid of all 
frequencies above 19 kHz, which accounts for the temporal pulse broadening effect 









Figure 3. 12 (a) Time-domain comparison of a 20 kHz pulse with a bandwidth of 4 kHz 
through the metamaterial versus without the metamaterial showing the pulse broadening and 
filtering effect of the metamaterial. Normalization is with respect to the peak of the pulse 
without metamaterial. (b) Frequency domain comparison of the pulses in (a). 
 
Interestingly, these signal amplification and filtering phenomena occur at 
different frequencies for each metamaterial gap, such that higher frequencies are 
amplified and eventually arrested at the front of the metamaterial where the width of 




gap demonstrates this feat, as illustrated in Figure 3. 13. This on-chip metamaterial is, 
therefore, a highly broadband structure whereby the required frequency band can be 
effectively achieved by placing the sensor at various positions within the structure. 
For example, the cut-off frequency – hence the passive bandwidth – at the 16th gap 
(Gap D in Figure 3. 13) of this on-chip device is ~27.8 kHz. Because of its ability to 
spatially separate frequencies along its length, it can thus act as a broadband passive 
acoustic filter. 
 
Figure 3. 13 Frequency response gain plots of different gaps of the metamaterial. Pure tone 
pulses at 200 Hz intervals were used. The gaps A-D correspond to locations 0, 9, 27, and 36 
mm from the last gap. 
 
3.5 Active tunable on-chip metamaterial 
The bandwidth of the on-chip metamaterial device can be further broadened and 




metamaterial structure. The active component entails modifying the height h of the 
exposed plates using a liquid, such that h decreases with an increase in the liquid level 
(Insert in Figure 3. 14). A characterization of the last gap of the metamaterial 
structure using the fiber optic probe and reveals that as h is decreased, the frequency 
bandwidth of the metamaterial shifts to accommodate higher frequencies. For 
example, decreasing the height from 4.5 mm to 3.5 mm brings about a change in the 
cut-off frequency of the last gap from ~18 kHz to 20 kHz (Figure 3. 14).  
 
Figure 3. 14 Experimentally obtained gain plots at different plate heights. The insert depicts 
a schematic of the exposed plate height h. 
 
Therefore, the bandwidth of the last gap of this on-chip device has been 
extended by 2 kHz with a change of 20% in the metamaterial structure. The 




phenomenon, where the cut-off frequency corresponds to the frequency at which the 
group velocity 𝑣𝑔 = 2𝜋
𝜕𝑓
𝜕𝑘
 → 0. Because the group velocity of the propagating waves 
is comparatively lower in the high-k region of this metamaterial than in low-k and 
non-dispersive materials (such as air), the momentum change ∆𝑘 is thus significantly 
higher in this high-k metamaterial (highlighted). This means that a slight change in h 
will produce a correspondingly substantial change in the bandgap of the structure, 
which is proof of this acoustic metamaterial’s ability to enhance control of acoustic 
waves – a fundamental characteristic of high-k acoustic metamaterials.  
 
Figure 3. 15 Dispersion curves of the metamaterial at different plate heights and of air (grey 





In the experimentally obtained gain plots (Figure 3. 14 (a)), this tunability 
phenomenon is verified, and it is also evident when this metamaterial switches from 
amplification mode (passband) to attenuation mode (stopband) with respect to the 
unity gain line (dotted line). As such, this on-chip device can effectively be used to 
“switch on” and “switch off” the propagation of sound, which can be a useful 
function in signal processing.  
An additional property that emerges as a direct consequence of being able to 
tune the dispersion of the metamaterial is temporal wave retardation. Because the 
wave vector can be parallel to the group velocity as evident from the dispersion 
curve, the metamaterial will have a frequency-dependent refractive index greater that 
of air, which will cause a wave packet to experience temporal retardation when 





Figure 3. 16 (a)-(d) Comparison of an 18 kHz pulse with a bandwidth of 5.4 kHz (a) through 
the metamaterial at different plate heights. (b) indicates the reference output for a pulse 
propagating in the free-space (no metamaterial). The time pulse delays ∆t1 and ∆t2 are 
between the reference pulse (b) and the pulses through the metamaterial at 3.5 mm and 4.5 
mm heights, respectively.    
  
Since changing h results in a shift in the dispersion curve, a corresponding 
change in the pulse retardation results. For example, the group velocity vg of the 
center frequency of the pulse (18 kHz) changes from 0 m/s at h = 4.5 mm to ~128.6 




the wave vector, the group velocity will be different from the phase velocity for a 
given wave packet. This implies that the phase velocities of different components of a 
wave packet also experience predictable changes when h is altered. These pulse 
retardation and phase manipulation capabilities of this on-chip acoustic metamaterial 
open many novel possibilities in the manipulation of acoustic waves. Analogies could 
thus be developed between electronic circuit components and acoustics, furthering the 
research in innovative acoustic circuits. 
 
 3.5 Metamaterial approximation of the mammalian cochlea 
The signal amplification and filtering properties exhibited by these low dimensional 
high-k acoustic metamaterial receivers have close similarities in functionalities to the 
mammalian cochlea. To demonstrate this, the conical metamaterial and the cochlea 
system are both analyzed in this section. 
3.5.1 The mammalian cochlea   
Many mammals have specialized auditory capabilities that depend on wave 
manipulation and signal processing by their cochlear systems. This biological organ 
has two important functions: amplification of weak acoustic signals, and 
decomposition of complex acoustic signals into different frequency bands for spectral 
separation and analysis in the cerebral cortex of the brain [104]–[106]. It can do this 




active pseudo-resonant structure with varying stiffness across its length [107]–[109]. 
Acoustic signals are admitted into the BM structure via a system of diaphragms and 
bones which convert the airborne acoustic waves into mechanical waves.  
 
3.5.1.1  Analytical model of the basilar membrane of the mammalian cochlea 
For simplicity, the coiled structure of the BM is representatively unwrapped (Figure 
3. 17) so that an analytical comparison can be made between the BM and the acoustic 
metamaterial receiver. Here, the traveling wave properties principally depend on the 
stiffness variation 𝑆(𝑧) along the basilar membrane. As illustrated in Figure 3. 17, the 
BM structure is narrow near the base with the largest stiffness, and gradually becomes 
wider at the apex with a decreasing stiffness.  
 
Figure 3. 17 Schematic of the biological cochlea uncoiled for simplicity. 




 𝑆(𝑧) = 𝑆0𝑒
−
2𝑧
𝐿0  (3.1) 
                  Here, z represents the propagation axis, the coefficient 𝑆𝑜 =
1.0 × 107g𝑠−2𝑚𝑚−2, and 𝐿𝑜 = 5 mm is a characteristic length. The admittance of 
the mechanical wave along the BM propagation axis can be expressed as: 
  𝑌𝐵𝑀(𝑧, 𝜔) =
𝑖𝜔
𝑆(𝑧) + 𝑖𝜔𝑅 + 𝜔2𝑀
 (3.2) 
where ω is the angular frequency, R = 2.0 g𝑠−1𝑚𝑚−2 and M = 1.5 × 10−3 g𝑚𝑚−2 
are effective damping and mass of the BM, respectively, and are defined per unit area 
[110]. To establish an intuitive comparison between wave propagation in the BM and 
the acoustic metamaterial, the admittance YBM of the BM could be seen as analogous 
to the effective refractive index neff of the metamaterial. From equation 3.2, the wave 
admittance YBM is frequency and position-dependent, rendering dispersive and 
graded-index properties. Further, the wavenumber of the BM waves can be derived 
as: 
 𝑘𝐵𝑀(𝑧, 𝜔) = √
−2𝑖𝜔𝜌
ℎ
 𝑌𝐵𝑀   (3.3) 
 where 𝜌 = 1.0 × 10−3 g/𝑚𝑚3 is the fluid density, and ℎ = 1 mm. From equation 




A plot of  𝑘𝐵𝑀 as a function of distance and frequency demonstrates this relationship 
(Figure 3. 18  (a) and (b)). 
 
Figure 3. 18 Analytically obtained normalized wave vector as a function of distance (a) and 





As illustrated in Figure 3. 18 (a), in the BM, the wavenumber 𝑘(𝑧, 𝜔) of the 
travelling wave increases roughly exponentially with distance z for a given frequency. 
Also, for a given distance z, the wavenumber in the BM increases roughly 
exponentially with the frequency (Figure 3. 18 (b)).  Correspondingly, the wavelength 
decreases as a wave travels from the base toward the apex of the BM, “piling up” the 
energy into increasingly smaller regions as the wave propagates. Once the 
wavenumber 𝑘𝐵𝑀 is known, the mechanical response of the cochlea can then be 
calculated using the Wentzel–Kramers–Brillouin approximation (WKB) method 
[111]. This response could be characterized by the displacement of the BM produced 
by a pure tone: 
 𝐷(𝑧, 𝑡) = 𝐴𝑘𝑏𝑐(𝑧, 𝜔)
3/2𝑒−𝑖[𝜔𝑡−𝜙(𝑧)]  (3.4) 
where 𝜙(𝑧) = ∫ 𝑘𝑏𝑐(𝑧, 𝜔)𝑑𝑧
𝑥
0
 denotes the integral of the accumulating phase shift 
and gains or losses as the wave propagates along the BM, A is the wave amplitude at 
the base of the BM, and 𝜔 = 2𝜋𝑓 is the driving frequency. From equations 3.3 and 
3.4, it is evident that the mechanical wave motion of the BM is directly related to the 
wavenumber 𝑘(𝑧, 𝜔) (Figure 3. 18 (a), (b)). The mechanical waves propagate from 
the base of the BM toward the apex with decreasing wavelength but increasing in 
strength up to a position of peak amplitude, and beyond which they decay rapidly 






Figure 3. 19 Analytically obtained normalized displacement as a function of distance (a) and 
frequency (b) of the basilar membrane of the biological cochlea for three frequencies.  
 
This progressive concentration of wave energy leads to an increase in the 




travel. Near the cutoff point, the energy in the wave decreases rapidly, resulting in a 
rapid decay of the wave amplitude. These properties of the traveling waves in the BM 
also lead to a unique frequency response, in which local sections of the BM are tuned 
to specific frequency bands that vibrate with large amplitudes (Figure 3. 18 (a) and 
Figure 3. 19 (a)). As such, the cochlea effectively creates a spatial-spectrum map in 
which, close to the entrance of the cochlea (the base), the BM is most sensitive to 
high-frequency bands, and at the apex, the BM responds best to low frequencies. The 
cochlea is, therefore, capable of exceptional sound analysis in terms of both 
frequency and intensity. This implies that the BM of cochlea acts as a hydro-
mechanical frequency analyzer – a feat that has proven to be pivotal to the mammal’s 
specialized auditory functions such as exceptional hearing sensitivity, remarkable 
frequency analysis, and signal processing capabilities. It must be emphasized that 
active mechanisms are involved in biological cochlea systems and play important 
roles for acoustic signal amplification and frequency selectivity, which presents a 
complex challenge for replication in research. [104], [105], [107], [110]  
 
3.5.2 Metamaterial based artificial cochlea   
These high-k anisotropic acoustic metamaterials can serve as an ideal platform for the 
development of a receiver that mimics the acoustic signal amplification, high-
frequency selectivity, and acoustic spectrum analyzer functionalities of the cochlea. 
Like the cochlea, the low dimensional acoustic metamaterial receivers are capable of 




signals. To illustrate these similarities and equivalences, a simple two-dimensional 
(2D) model of the 3D conical metamaterial of Figure 3. 2 (c) is used as an analytical 
model. Here, the solid plates are rectangular, and wave propagation is confined in the 
x-z plane. This type of arrangement where there is a gradual spatial variation of 
metamaterial’s geometric parameters (the width w of the solid plates) over the wave 
propagation direction will result in corresponding changes in the metamaterial’s wave 
dispersion 









) + 1 (3.5) 
where  𝜌𝑥 =
𝜌𝑎𝑖𝑟𝜌𝑠𝑜𝑙𝑖𝑑
[(1−𝐹)𝜌𝑠𝑜𝑙𝑖𝑑+𝐹𝜌𝑎𝑖𝑟]
  and 𝐵 =
𝐵𝑎𝑖𝑟𝐵𝑠𝑜𝑙𝑖𝑑
[(1−𝐹)𝐵𝑠𝑜𝑙𝑖𝑑+𝐹𝐵𝑎𝑖𝑟]
 are the effective density 
and bulk modulus of the metamaterial respectively, and 𝑐𝑒𝑓𝑓 = √1 − 𝜂𝑖 is the 
effective sound speed in the metamaterial [112], [113]. Here, η is the analytically 
obtained effective loss factor of the metamaterial along the propagation direction, 
with η = 0.03 being in good agreement with the simulations and experiments. Similar 
to the wave dispersion of the BM in the cochlea, the graded-index metamaterial is 
capable of spatially tailoring the wavenumber 𝑘(𝑧, 𝜔) and rendering an 
approximately exponential increasing function with distance z for a given frequency 





Figure 3. 20 Analytically obtained normalized wave vector as a function of distance (a) and 






Interestingly, similar to the cochlea, the wave response of the metamaterial is 
also governed by the wavenumber 𝑘(𝑥, 𝜔) and can be characterized by the wave 
pressure field inside the metamaterial [14]: 










𝑧0  (3.6) 
    Here 𝑛𝑒𝑓𝑓 = 𝑐𝑎𝑖𝑟𝑘𝑀𝑀(𝑧, 𝜔)/𝜔 is the effective refractive index of the metamaterial 
structure. From equation 3.6 above,  the traveling wave behavior, wave amplitude 
amplification (pressure amplification), energy localization, as well as spatial 
separation of frequencies of the metamaterial structure can be characterized (Figure 3. 





Figure 3. 21 Analytically obtained normalized on-axis pressure as a function of distance (a) 
and frequency (b) in the metamaterial.  
   
 Because the metamaterial’s effective refractive index is a function of both the 
distance (z) and frequency [37], there comes a point along the metamaterial where 




index to effectively arrest its forward progress in the metamaterial [12] (Figure 3. 20 
(a) and Figure 3. 21(a)). This anisotropic tapering design thus gives rise to both strong 
wave compression and trapping effects, where different frequency components are 
amplified and subsequently confined at specific locations across the metamaterial 
structure in the propagation direction, resulting in a spatial band-pass filter bank 
phenomenon analogous to what is found in mammalian cochlear systems.[110], [114]  
 These analytically derived properties can be validated via simulations and 
experiments. To do so, use is made of the conical receiver (Figure 3. 22 (a)), which 
demonstrates the functional similarities between this structure and the on-chip 
metamaterial structure. In Figure 3. 22 (b), the localized trapping effects of three 
frequencies are simulated and displayed, which agrees with the analytical results in 








Figure 3. 22 (a) Photo of the metamaterial cochlea, 3D printed model of a human cochlea, 
and a coin for comparison. The coin is 19 mm in diameter. (b) FEM spatial pressure maps 
showing the spatial confinement and pressure amplification of waves propagating into the 
metamaterial. The distinct frequencies are spatially mapped to distinct locations in the 
metamaterial structure, which is similar in functionality to biological cochleae systems. 
  
  Furthermore, simulations and experimental results of the pressure field within 
the metamaterial structure show significant wave signal amplification over a 
broadband spectrum (over ten times gain across a 10 kHz bandwidth) as predicted by 
the analytical studies  (Figure 3. 23 (a) and (b)). Moreover, the measured sharpness of 





Figure 3. 23 Experimental (a) and simulated (b) pressure gain of the metamaterial as a 
function of frequency at three locations. 
 
 Using the fiber optic probe, the metamaterial gaps can also be probed to 
obtain the pressure as a function of distance for different frequencies (Figure 3. 24). 
The acoustic waves traveling within the structure are observed to experience the wave 
compression and pressure amplification phenomena as expected from the analytical 
results. This also pays striking resemblance to the displacement of the basilar 





Figure 3. 24 Experimentally obtained pressure fields in the gaps of the metamaterial for three 
frequencies. 
 
 As such, this passive acoustic metamaterial structure can approximate the 
functionalities of the active, highly complex, and optimized mammalian cochlea. 
Compared with the biological cochlea, two unique features that the metamaterial 
enjoys over the biological systems that are worth summarizing: First, its passive 
nature demonstrates that a rather simple, metamaterial structure could directly 
amplify the signal, decompose frequency components, and realize acoustic filtering 
without using any complex electronic or active components.  Second, its simplicity in 
design encourages quick and efficient realization using common methods such as 3D 
printing, which is cost-effective and allows for batch fabrication. The design of the 





 Despite their similarities, there are significant differences between the 
biological cochlea and the reception metamaterial. Here, one such difference is 
addressed. In the cochlea, the airborne sound waves passing from air to the BM 
experience a dramatic decrease in their wave velocities [115] (from 𝑣𝑎𝑖𝑟 = 340 𝑚/𝑠 
to 𝑣𝐵𝑀 = 15  𝑚/𝑠). This wave transition leads to a significantly reduced sound 
wavelength (by a factor of 23), which is essential for the capability of the relatively 
small-sized BM to perform exceptionally well in the low-frequency sound regime. By 
contrast, the acoustic waves in the metamaterial structure pass directly from the free-
space into the metamaterial without any transition between airborne sound and 
membrane mechanical waves. Although the wave speed in metamaterial will be only 
modestly reduced (𝑛𝑒𝑓𝑓 ≅ 2), the wavelength is not comparatively significantly 
reduced. As a result, the frequency-size ratio of the metamaterial is comparatively 
higher, giving the metamaterial the ability to sustain much higher frequencies than a 
cochlea of the same size. Nevertheless, the coupling mechanism in the cochlea 
systems which make use of bones as mechanical lever-like structures results in much 








The high-k properties possessed by anisotropic acoustic metamaterials can be 
exploited to enhance the reception of acoustic waves. In this chapter, the two types of 
low dimensional anisotropic metamaterials were shown to possess similar properties 
in acoustic wave reception.   
These low dimensional metamaterials were shown to extend the performance 
bandwidth of passive acoustic metamaterials by availing such new functionalities as 
signal amplification, passive acoustic filtering, and, in the case of the active on-chip 
acoustic metamaterial, frequency bandwidth tuning, switching, and pulse retardation 
control of the acoustic waves. In this study, the high-k on-chip acoustic metamaterials 
are shown to be capable of spatially separating frequencies across their length, where 
each gap corresponds to the resonant mode of a particular frequency, thus realizing a 
passive broadband acoustic filter.  
With regards to the on-chip tunable metamaterial, the degree to which the 
wave vector can be parallel to the group velocity is shown to have a dependence on 
the plate height. As such, the refractive index exhibits a predictable dependence to the 
plate height throughout the measured frequency range, with high refractive indices 
corresponding to greater plate heights and vice versa. The result of this phenomenon 
is the active tuning of the frequency bandwidth of the metamaterial, which further 
produces pulse retardation and phase manipulation properties. Moreover, comparing 
the wavelengths to its thickness reveals that this thin on-chip metamaterial structure 




which is a key advantage possessed by this device. The high refractive index 
exhibited by the higher plate heights induces a delay in the wave packet due to the 
group velocity being slower in the metamaterial than in air. These properties can be 
manipulated to further the study and realization of acoustic devices and their 
applications. 
 Analytical comparisons demonstrated many similarities between these 
anisotropic metamaterial structures and the basilar membrane of the mammalian 
cochlea. They successfully enhanced acoustic sensing via wave compression, as well 
as spatially separated acoustic waves across the length according to their frequencies 
– a filtering feat exhibited in the basilar membrane of the mammalian cochlea. Such 
profound findings can have an immediate impact on the design of functional acoustic 










Chapter 4: Bio-inspired High-k acoustic metamaterial for 
emission enhancement 
Many biological organisms rely on sound to interact with one another and their 
environments – a feature that explains the highly optimized nature of their designs to 
enhance sound production. Man-made systems have long benefited from the designs 
found in nature to realize more efficient and effective acoustic systems. Recently, 
artificial structures such as acoustic metamaterials have grown in popularity in the 
scientific community because of the extra degrees of control and manipulation they 
provide acoustic waves, making them prime candidates for exploiting many 
biological designs that occur in nature. As discussed in Chapter 2, the architecture of 
these artificially engineered structures takes advantage of some basic physical laws 
and principles, such as resonance in Helmholtz cavities or spring-mass systems, to 
infuse the propagating waves with additional useful properties. Some of these 
properties lend themselves to enhance acoustic radiation, with such mechanisms as 
the Purcell effect common in their electromagnetic counterparts. In this chapter, it is 
shown that high-k anisotropic acoustic metamaterials could be designed to exhibit 
strong radiative properties that render direct amplification of the pressure fields, as 
well as improved directionality. Parametric studies are carried out to understand the 




this acoustic metamaterial can find immediate use in real-world applications such as 
fault detection, noise identification, acoustic communication, and sonar navigation.   
4.1 Motivation 
It is well known that the behavior of acoustic waves in a medium has a strong 
dependency on the geometric properties of that medium. This property is exploited in 
nature, where biological systems enhance emitted sounds via such mechanisms as 
cavity resonance. Small insects and animals such as the cicada, water boatman, and 
frogs, for instance, have miniaturized but very efficient sound generation organs 
capable of producing intense and conditioned acoustic signals, facilitating their 
communication, mating, and foraging abilities [80], [116], [117]. They use their 
abdominal resonance chambers to confine acoustic waves in a small volume [80], 
[118], [119] so that the local pressure fields are amplified. In cicadas, for example,  a 
pair of tymbals on each side of the abdomen is used to drive a cavity in their abdomen 
which serves as a Helmholtz resonator (Figure 4. 1 (a)). Other insects like crickets 
modify their environment to enhance the intensity of their mating calls. Some cricket 
species, such as the mole cricket [120], create an external resonating cavity by 
burrowing specific shapes in the earth (Figure 4. 1 (b)), which act as an acoustic 
hornlike structure that amplifies the sounds they produce with their tegmen via 
stridulation. By placing themselves in the cavity, these insects act as the acoustic 






Figure 4. 1 Sound enhancement mechanism in small insects such as the cicada [121] (a) and 
the cricket (b) using acoustic resonators. (c) Equivalent strong confinement and 
intensification of acoustic fields in acoustic metamaterial cavities for the enhancement of 
directional emission of sound. 
 
 In addition to the optimized tuning between the sizes of their cavities and 
their calling frequencies which maintain tonal purity, the systems of these insects are 
designed to provide exceptional impedance matching, which increases the effective 
size of the sound source and enable a near-perfect transfer of the acoustic energy to 




resonating cavities are commonly used to enhance the acoustic properties of waves, 
producing frequency-dependent, highly intense sounds. It has been discussed that the 
emergence of acoustic metamaterials is as a result of the need to enact extra control of 
wave propagation, and these artificially engineered structures equally rely on the 
axiom that the structural parameters play a strong role in tailoring the properties of 
the wave propagation through the medium. Because of this, it follows that acoustic 
metamaterials provide a fertile platform for replicating some of the designs found in 
nature. For example, Fabry Perot -like cavities in some acoustic metamaterial designs 
have been used to enhance sound pressures [123]. Also, placing an acoustic emitter 
right in a high impedance medium would enhance its radiation power [95], [124]–
[126]. This effect has been referred to as the acoustic Purcell effect, derived from the 
enhanced spontaneous emission rate that a quantum source experiences due to a 
change in its surrounding environment [67]. Such properties can be identified as a 
result of the high-k states that these metamaterials are capable of sustaining. 
 In chapter 2, it was discussed that metamaterials with anisotropic designs were 
equally capable of enhancing acoustic radiation, in terms of both pressure and 
directivity (Figure 4. 1 (c)). To thoroughly investigate this idea, numerical 
simulations and experimental results are presented in this chapter. This is done by 
employing parametric studies to understand how the design parameters affect the 
performance of the metamaterial emitter. Next, using a characteristic emitter, 
experimental results are reported, which demonstrate the metamaterial emitter’s 




4.2 Metamaterial design 
The acoustic metamaterial emitter comprises two main sections: the metamaterial 
cavity region and the coupler region (Figure 4. 2). The geometric properties of the 
metamaterial are determined by the intended working frequency of the specific gap. 
As will be presented in this section, this working frequency depends on many factors, 
but a good starting point is the relation 𝑑 = 2𝑐 𝜋𝑓⁄ , where d is the disk diameter, c is 
the sound speed in air, and f is the frequency. In this study, a working frequency of 25 
kHz is chosen as the design frequency for the metamaterial, and as a starting point, a 
periodicity of 3 mm is chosen with a disk thickness of 2 mm. 
 
Figure 4. 2 Schematic of the acoustic metamaterial emitter. It comprises two regions: the 
metamaterial cavity and the tapered coupling region. The parameters shown are the disk 





At the working frequency, this criterion satisfies the maximum wave vector 
criterion for periodic structures given by 𝑘𝑚𝑎𝑥 = 𝜋 𝑃⁄   which corresponds to the 
wave vectors at the first Brillouin zone boundary [103], [127]. This would result in a 
high refractive index n for pressure amplification [14], given by 𝑛 =  𝑘𝑚𝑎𝑥/𝑘0, where 
𝑘0 is the free-space wave vector. The lower limit of P is governed by such factors as 
boundary layer effects and surface roughness. 
 
4.3 Parametric studies 
In this section, the different design parameters are investigated for their effect on the 
radiation performance of the acoustic metamaterial. The parameters investigated here 
are the metamaterial cavity design, taper design, metamaterial periodicity, embedded 
emitter size, and temperature effects. FEM simulations are primarily employed to 
investigate these parameters. Besides, where necessary, use is made of analytical 
methods to explain their mechanisms. 
4.3.1 Acoustic metamaterial cavity 
It has been discussed that some biological systems make use of an acoustic cavity to 
enhance their production of sound (Figure 4. 1). A similar idea is employed in 
designing the acoustic metamaterial emitter. The metamaterial cavity is a region of 
uniform, equally spaced disks (Figure 4. 2) and plays an important role in setting the 




of uniform disks in the metamaterial cavity plays an important role in the 
performance of the metamaterial. Cavities from 2 disks to 10 disks are investigated 
via FEM simulations by performing a frequency sweep, and the acoustic pressure is 
measured at 40 cm away (Figure 4. 3). 
 
Figure 4. 3 (Top) Normalized pressure amplitude for the different metamaterial cavities 





It can be seen from Figure 4. 3 above that a metamaterial cavity made of four 
disks provides the maximum gain at the design frequency of 25 kHz. Conversely, the 
conventional acoustic cavity made up of 2 disks provides the least of the pressure 
amplification. Also, the comparatively poor performance of the other cavities (6, 8, 
and 10 disks) is evident, and the ripples in the frequency plots may be as a result of 
interference effects of the reflected wavefronts between the metamaterial-air 
boundary.  
 
4.3.1.1 Analytical studies on radiation enhancement   
The high-k metamaterial cavity developed in this work can achieve intense 
enhancement of the acoustic radiation power of an acoustic source embedded in it.  
To better understand how this feat is accomplished, consider a small spherical 









Figure 4. 4 Sound source radiation in free-space and metamaterial structure. (a) Schematic 
of acoustic radiation of a spherical monopole source placed in air. (b) Radiation of a 
spherical source in a metamaterial cavity comprised of four disks 8 mm in diameter and 2 
mm thick, separated by 1 mm gaps. S1 and S2 represent the near-field (on the source surface) 
and far-field regions, respectively. 
 
 The velocity at every point on the surface can be defined as:  
 𝑢 = 𝑢0𝑒
𝑖𝜔𝑡 (4.1) 
where ω is the vibrating angular frequency and 𝑢𝑜 is a constant whose value is 
determined by the strength of the external power supply. The surrounding medium 
always maintains contact with the sphere so that the motion is transferred to the 
medium, which in turn exerts a reaction force on the source such that energy is 
transferred. This force is simply the integral of the acoustic pressure over the surface 




 𝐹𝑅 = − ∬ 𝑝(𝑟)𝑑𝑆
 
𝑆
   (4.2) 
Where S is the surface area of the sphere, 𝑝(𝑟) is the pressure, and r is the radius. The 
negative sign indicates that this FR is the reaction of the medium on the source. The 
complex radiation impedance is defined as 
 𝑍 = −
𝐹𝑅
𝑢0






=  𝑅 + 𝑖𝑋  (4.3) 
Where R, known as the radiation resistance, is associated with power transfer to the 
medium, and X is the radiation reactance. The radiation resistance is the most useful 
for acoustic radiation since it is proportional to the radiation power 𝛱𝑟𝑎𝑑 , which is 
given by: 








2𝑅  (4.4) 
This acoustic metamaterial cavity comprising of 4 disks can improve the radiation 
resistance, which would produce the desired effect of improving the radiation power 
from equation 4.3 (Figure 4. 4 (b)). As a proof-of-principle, simulations are carried 
out to demonstrate that such a metamaterial cavity is capable of significantly 
amplifying the radiation reaction force 𝐹𝑟 applied to the sound source (Figure 4. 5), 





   
 
Figure 4. 5 Normalized radiation reaction force in the metamaterial cavity depicted in Figure 
4. 4 (b). Normalization is with respect to the radiation force 𝐹𝑟_𝑎𝑖𝑟 in free-space, calculated 
using 𝐹𝑟_𝑀𝑀 𝐹𝑟_𝑎𝑖𝑟⁄ , where 𝐹𝑟_𝑀𝑀 is the radiation reaction force in the metamaterial.  
 
Since 𝑅 ∝ 𝐹𝑅 ∝  𝛱𝑟𝑎𝑑, it follows that a stronger radiation force bearing on the source 
would induce a larger reaction force from the source in the form of radiation 
resistance, thus causing the source to transfer more power into the surrounding 
medium. The radiation enhancement could be evaluated by the ratio of radiation 
resistance RMM of source in metamaterial to the radiation resistance Rfree in free space:  
                                                    
 
  










which is also the enhancement of sound emission power. As shown in Figure 4. 6 (a) 
and (b), it is evident that the radiation resistance, as well as radiation power of a 
source, is greatly amplified by the metamaterial cavity when compared with the same 










Figure 4. 6 (a) Radiation resistances of a monopole source in the metamaterial cavity as 
compared with the same source placed in the free space. (b) The acoustic radiation power 
enhancement in the metamaterial cavity. A finite element method (COMSOL Multiphysics 
5.4) is used to analyze pressure and velocity fields generated by a sound source, which are 
used in equations 4.2 - 4.5  to calculate reaction force, radiation resistance, and radiation 
enhancement factors. 
 
It is worth noting that the radiation enhancement exhibited by the 
metamaterial differs from that of a conventional acoustic cavity comprised of a pair 
of disks. As demonstrated in Figure 4. 7 (a), the induced radiation enhancement 




asymmetric line-shape, corresponding to the metamaterial dispersion curve shown in 
Figure 4. 7 (b) (blue shaded regions in Figure 4. 7 (a) and (b)) and achieves a 
maximum power enhancement of ~150 at around 26 kHz. By contrast, the 
conventional acoustic cavity has a symmetrical Lorentzian-like resonance curve with 
a much lower pressure enhancement (~26 at around 24 kHz). Additionally, the line-
shape of this conventional acoustic cavity’s pressure enhancement spectrum does not 





Figure 4. 7 (a) Comparison between a conventional acoustic cavity and a metamaterial 
cavity for sound radiation enhancement. The radiation enhancement spectrum in the 
metamaterial cavity as compared with that of a conventional acoustic cavity comprised of a 
unit cell of the metamaterial cavity. (b) The dispersion plot of the metamaterial cavity 
comprised of four disks (blue) compared with the free-space dispersion (black dashed line) 





4.3.1.2 Accounting for radiation losses 
In terms of the acoustic metamaterial emitter, this work is focused on enhancing the 
far-field acoustic radiation. The acoustic power radiated into the far-field 
 Π𝑟𝑎𝑑_𝑓𝑎𝑟 could be calculated as: 
  𝛱𝑟𝑎𝑑_𝑓𝑎𝑟 = ∬ 𝑅𝑒(𝑃 × 𝑢) ∙ ?̂?𝑠2𝑑𝑆
 
𝑆2
  (4.6) 
Where the surface S2 encloses an area that extends far away (d > 10λ) from the 
source to ensure that only the far-field radiation component is taken into account 
(Figure 4. 4 (b)). In practice, the acoustic metamaterials would experience losses due 
to viscous and thermal effects. The emitted waves from the embedded vibrating 
source could be essentially understood to couple into two modes; radiative and non-
radiative modes. The former makes its way into the far-field by coupling into the free 
space and is thus useful for acoustic communication and sonar echolocation. The 
latter, which essentially is a metamaterial guided mode, is trapped in the metamaterial 
structures and dissipated as heat due to viscous and thermal effects. If a comparison is 
made between the power radiated through the two surfaces 𝑆1 (total power) and 𝑆2 
(far-field radiated power), this radiation loss due to viscous and thermal effects can be 





Figure 4. 8 Far-field emission gain of metamaterial emitter. (a) The total radiation and far-
field radiation enhancement of the metamaterial cavity with viscous-thermal dissipation. (b) 
Radiation loss in the metamaterial emitter. (c) Schematic for describing the emission 
enhancement, which is defined as the ratio of far-field radiation power measured on the 
metamaterial emitter’s beam axis (right) to the power produced by the sound source without 







The total power 𝛱𝑡𝑜𝑡𝑎𝑙  is evaluated as: 
 




Where the surface 𝑆1 is encloses the emitter in the metamaterial. The radiation loss 
can thus be evaluated as:  
 
 𝛱𝑙𝑜𝑠𝑠 = 𝛱𝑡𝑜𝑡𝑎𝑙 −  𝛱𝑟𝑎𝑑_𝑓𝑎𝑟 (4.8) 
It is discernible from Figure 4. 8 (b) that the radiation losses can be quite significant, 
accounting for over 50% of the total radiation power. Since the far-field acoustic 
radiation is what is useful for tasks like for sonar echolocation, the far-field emission 
gain Gfar can be used to describe how well the metamaterial emitter improves sonar 
performance. As illustrated in Figure 4. 8 (c), Gfar is defined as the ratio of far-field 
emission power measured on the metamaterial emitter’s beam axis to the power 
produced by the sound source without using metamaterial structure. Notably, the far-
field emission gain combines metamaterial emitter’s radiation enhancement as well as 
its directivity. These two factors describe how effective the metamaterial emitter is at 
enhancing sound radiation and concentrating the acoustic power in a specified 














 in equation 4.9 represents the far-field radiation enhancement of the 
metamaterial emitter while the term 4𝜋 𝜃𝐻𝑃𝐵𝑊⁄  is the emitter’s directivity, where 
θHPBW is approximated as half-power beamwidth of the emission beam. In practice, 
the sound pressure is a more useful quantity in assessing acoustic emission than the 
sound power because it is the quantity that is readily measured using acoustic sensors 
such as microphones. Since sound pressure is proportional to the square root of 
acoustic power, the emission gain based on pressure field measurements could be 
obtained as:  
 𝐺𝑡 = √ 𝐺𝑓𝑎𝑟  (4.10) 
Here, 𝐺𝑡 represents emission gain characterized by the pressure field. 
 It is, therefore, evident that a high-k acoustic metamaterial cavity of 4 disks 
can yield extraordinary enhancement to the acoustic radiation power. By availing a 
high impedance medium to an embedded emitter, elevated power can be extracted 
from the source and coupled into free space. It should be noted that such an effect is 
similar to the Purcell effect common in electromagnetic metamaterials [34], [57], 





4.3.2 Acoustic metamaterial coupler 
The coupler region of the metamaterial emitter comprises of air-spaced disks with a 
tapered profile. This region serves two main purposes: first, to gradually match the 
impedance of the metamaterial cavity to that of the air, so that the amplified acoustic 
waves retains as much of its energy as possible as while being introduced into the free 
space. Second, it serves to tailor the beam profile, increasing its directionality. The 
parameter to be investigated here is how long this region needs to be, hence the 
tapering angle, to produce the optimal response. In Figure 4. 9, different sized tapers 







Figure 4. 9 (a) Normalized pressure as a function of frequency for different taper angles. 
Normalization is with respect to the maximum pressure for the 4-cavity data (grey dashed 
line). The taper angles correspond to adding increments of four 1 mm spaced disks. (b) 
Schematic illustrating the taper angle. (c) Simulation pictures depicting some taper angles 





In Figure 4. 9 above, the taper angles are obtained by adding increments of 4 
disks to the metamaterial cavity. For example, 19°, 9.7°, 6.5°, and 4.9° correspond to 
4, 8, 12, and 16 disks respectively added to the 4-disk metamaterial cavity. Also 
included are the cavity only results (90°) and a 30-disk taper (2.6°). A general 
increase in pressure amplitude can be observed with smaller taper angles. This 
observation is reasonable because of the more gradual matching of the acoustic 
impedance provided by the longer structure, since the impedance change per unit 
length x, given by 
𝑑𝑍
𝑑𝑥
 is smaller in the longer configuration. 
It must be noted that because the metamaterial structure is inherently lossy 
(Figure 4. 8), two opposing factors affect the coupler’s performance: on one side, a 
longer coupler provides a more gradual matching of the impedance, thus minimizing 
losses that may arise as a result of impedance mismatch. On the other side, the longer 
coupler provides a longer lossy medium for the propagating waves, so that the non-
radiative modes are more fully trapped in the metamaterial structure and dissipated as 
heat due to viscous and thermal effects. A plot of the maximum normalized pressures 






Figure 4. 10 Maximum normalized pressure as a function of the taper angle. Normalization is 
with respect to the maximum cavity-only pressure. 
 
  However, because the tapering profile implies that the loss per unit length is 
decreasing along the propagating direction, a nonlinear degradation of the pressure 
profiles with increasing taper angles is observable, as indicated in Figure 4. 10.  
Besides the radiation enhancement, the metamaterial emitter also engineers the 
beam pattern of the sound wave, achieving highly directional emission from a small 
size device. The directional beam emitted by the metamaterial emitter is evidence that 
it acts as a mode-area transformer, gradually changing the tightly confined source 
mode into a large-mode-area guided wave – an essential factor to the generation of a 





Figure 4. 11 (a) FEM photos depicting the pressure field distribution of the metamaterial 
emitter. (b) The change of mode field distribution of the guided mode propagating along the 
z-axis in the regions identified in (a). Ø1 to Ø3 indicate the diameters of the corresponding air 
gaps in regions z1 to z3.  
 
As shown in Figure 4. 11 (b), the effective mode area ?̅?𝑒𝑓𝑓 (measured by the 
transverse mode field diameter) gradually increases along the propagation direction 
because of the progressive decrease in the metamaterial emitter’s wave confinement. 
The radiation pattern of the metamaterial emitter in the far-field region could be 









where 𝜃 is the angular width of the acoustic beam, 𝑘 is the wave vector in free space, 
?̅?𝑒𝑓𝑓 is the effective radius of the output mode field, and J1 represents the first-order 
Bessel function. It is clear from equation 4.11 that a larger mode area 𝐴𝑒𝑓𝑓 leads to a 
narrower emission beam pattern. This mode-area transformer effect in the metamaterial 
emitter is comparable to that of an acoustic horn, where the gradually expanding mode 
field is guided by the horn’s walls to a directional beam pattern at its opening due to 
the large mode area [129]. It is worth noting that while conventional horn structures 
require large physical aperture size to achieve highly directional beam pattern [128], 
[130], [131], the opposite directivity-aperture size relation exists with the metamaterial: 
a smaller aperture size (measured by the cone diameter) will support larger mode field 
area and therefore higher directivity. Such an inverse relationship could present a useful 
advantage held by the metamaterial emitter because it could relax the large size 
criterion necessary for achieving directional emission at various frequencies.  
Furthermore, this beam shaping is greatly enhanced by the tapered region, wherein 
the directivity, as indicated by the half-power beamwidth (𝜃𝐻𝑃𝐵𝑊) is comparatively 
higher than the cavity-only metamaterial. At 25.5 kHz for example, the tapered 
metamaterial with the cavities has 𝜃𝐻𝑃𝐵𝑊 = 26°, while the cavity-only metamaterial 






Figure 4. 12 Comparison of the directivities of the metamaterials comprising of the cavity 
and tapered coupling region and a cavity-only metamaterial. 
 
4.3.2.1 Tapered structure without the metamaterial cavity 
If the metamaterial is designed without the cavity region (of uniform disks) and the 
emitter is placed in the last gap of a tapered metamaterial structure, the resulting 
performance is different and suboptimal when compared to a metamaterial structure 
comprising of the cavity and the tapered coupler region. Figure 4. 13 depicts the 







Figure 4. 13 Normalized pressure (to peak pressure in data) as a function of frequency for 
different taper angles for a metamaterial taper only.  The inserts are simulation pictures of 
the metamaterial taper angle profiles for 19°,  3.9°, and 1.8°, respectively.  
 
Two observations can be made in Figure 4. 13 above.  First, the peak 
frequency of the structures increases with a decrease in the taper angle. Second, the 
gain also decreases with a decrease in the taper angle. As discussed in section 4.3.1, 
the metamaterial cavity defines the working frequency of the structure by availing 
multiple gaps of uniform sizes for the tailoring of the waves. There is a strong 




frequency of the structure, with larger disks corresponding to lower design 
frequencies and vise versa. This can provide a reason for the anomalous observed 
effects, since, in this taper-only configuration, the average size of the disks closest to 
the emitter (which would serve as the metamaterial cavity) comparatively smaller due 
to the taper, and therefore boast higher cutoff frequencies. Furthermore, the decrease 
in gain as the taper angle is increased comes as a result of poor impedance matching 
in the shorter and steeper angled structures. 
4.3.3 Gap thickness 
So far, optimal values have been identified for the metamaterial cavity and the 
metamaterial coupler. It has been observed that a metamaterial cavity comprised of 
four disks coupled produced the highest far-field pressures, and a tapered coupling 
region made of 40 disks or more is ideal for both coupling the enhanced radiation into 
the free space as well as tailoring the beam profile. In this study, the periodicity of the 
entire metamaterial structure is changed by altering the thickness of the air gaps that 
separate the disks while keeping the disk thickness at 2 mm, as illustrated in Figure 4. 
14 (b). The normalized far-field pressure is obtained and plotted for different gap 






Figure 4. 14 (a) Normalized (to maximum pressure data) far-field pressure as a function of 
frequency for different metamaterial gap thicknesses. (b) Simulation photos of the different 
gap sizes. 
 
From Figure 4. 14 (a) above, the gap size can be seen to have two net effects 
on the performance of the metamaterial structure. First, there is a decrease in gain 
with an increase in the air gap thickness. This can be understood when the effective 










) + 𝑛𝑎𝑖𝑟 (4.12) 
where [(1 ) ]x air solid solid airF F    = − + ,  (1 )air solid solid airB B B F B FB= − +  are 
effective density and bulk modulus of the metamaterial, respectively, f is the wave 
frequency, and w = w(z) is the diameter of the metamaterial disk at distance z. Also, F 
is the filling ratio of the rigid disks, which is defined by 𝐹 = (𝑝 − 𝑔)/𝑝, where p is 
the periodicity of the structure and g is the size of the air gap. From equation 4.12 
above, the effective refractive index of the structure will decrease as the gap thickness 
is increased. This will result in a decrease in the pressure amplification effect of the 
metamaterial, as observed in the closed-form pressure field equation given in 
equation 2.3 of chapter 2. This idea can also be intuitively understood by considering 
what would happen if the gaps got infinitely large. In such a scenario, the structure 
becomes almost identical to the free space where the refractive index is unity. In such 
a case, all the metamaterial properties are lost as the frequency response curve flattens 
out. In the case of the 0.5 mm air gap, while the cutoff frequency is high, the overall 
amplitude is very small because the evanescent coupling mechanism for wave 
propagation in the structure is overwhelmed by losses due to viscous and thermal 
effects. 
A second effect observable from Figure 4. 14 (a) is that the optimal frequency 
of the metamaterial is decreased with an increase in gap thickness. This phenomenon 






Figure 4. 15 Dispersion plots for metamaterial unit cells with different gap sizes from 
numerical simulations. 
The cutoff frequencies correspond to the frequencies where 2𝜋
𝜕𝑓
𝜕𝑘
→ 0, and from the 
plots above, it is observable from the dispersion curve that thinner air gaps result in 
higher cutoff frequencies. It is also possible to deduce the frequency of peak 
amplitude from the dispersion curve. The peak amplitude is expected to occur at the 
frequency at which the wave vector 𝑘𝑝𝑒𝑎𝑘 is  
 𝑘𝑝𝑒𝑎𝑘  ≅ (1 − 𝑒
−1)𝑘𝑚𝑎𝑥 (4.13) 
 Where 𝑘𝑚𝑎𝑥 is the asymptotic wave vector. As an example, 𝑘𝑚𝑎𝑥  ≈ 785 𝑚
−1 for 
the 2 mm gap and 𝑘𝑝𝑒𝑎𝑘 ≈ 496 𝑚




dispersion curve. From Figure 4. 14 (a), the peak frequency for the metamaterial with 
2 mm gap thickness occurs at ~23.4 kHz, which is close to the dispersion-deduced 
value. Equation 4.13  can thus serve as a good starting point, where the peak pressure 
amplitude is to be expected. However, it does not account for external factors such as 
severe losses as in the 0.5 mm case, where all characteristic metamaterial 
amplification is absent due to viscous and damping effects. From the simulation 
results, a 1 mm thick air gap should be selected to achieve the optimal performance at 
25 kHz.  
4.3.4 Size of the emitter 
Having determined the optimal parameters for the metamaterial cavity, taper, gap, 
and disk thicknesses, an optimized metamaterial can be constructed. Next, the size of 
the embedded emitter is investigated for its effects on metamaterial performance. In 
Figure 4. 16, numerical simulations are carried out for emitter sizes ranging from 0.5 






Figure 4. 16 (a) Normalized (to maximum pressure data) far-field pressure as a function of 
frequency for different emitter sizes. (b) Normalized gain plots for the emitter sizes. The gain 
is obtained as the ratio between the settings with and without the metamaterials. 





It is expected that larger emitters would result in greater far-field pressures since such 
sources can push more energy into the surrounding medium by displacing more air 
molecules. This is observed in the pressure amplitude plots (Figure 4. 16 (a)), where 
the amplitudes of the frequency response curves increase with the size of the emitter. 
However, the opposite trend is observed in the gain plots, where larger emitters boast 
lower overall gains than smaller emitters (Figure 4. 16 (b)). These larger emitters 
accelerate the air molecules with greater magnitudes so that they emerge from the 
emitter cavity with high velocities unsuitable for efficient evanescent coupling into 
the adjacent gaps.  
 Conversely, it can also be expected that miniature emitters would be unable to 
accelerate the air molecules enough to enable efficient evanescent coupling. To 
illustrate this trend, the maximum gain is plotted as a function of the emitter size, in 






Figure 4. 17 Normalized gain as a function of emitter size. 
 
The observable plateau at 1 mm and o.5 mm indicates that an emitter sized in 
this range provides the most efficient matching of the mode fields, which maximizes 
the coupling between the emitter element and the metamaterial medium [132]. The 
trend in Figure 4. 17 suggests that emitters smaller than 0.5 mm may experience a 
drop in performance due to their inability to impart sufficient energy to the 
surrounding air molecules to enable efficient evanescent coupling– a consequence of 
sub-optimal mode-field matching. These results provide useful information for 
specific applications of the metamaterial emitter. Embedding a large emitter in the 
metamaterial emitter is suitable for applications that require high pressure output 




metamaterial’s performance would be best suited with miniature emitters. The 
metamaterial emitter’s performance is therefore optimized for emitters around 1 mm 
but can equally work for larger emitters. 
4.3.5 Ambient temperature effects 
Finally, the effects of the environmental conditions on the metamaterial's 
performance are investigated. In natural media such as air, the velocity of acoustic 
waves through them have a temperature dependency. Like heat, sound propagation 
entails the vibration of molecules. If the average kinetic energy of molecules in the 
medium is high, as indicated by the high temperature of the medium, then they move 
faster. As such, they can pass acoustic pressure waves comparatively quicker than in 
low-temperature environments. The temperature-dependent sound speed equation is 
given by [130]: 





Here, T is the absolute temperature (in Kelvin) and = 𝑐273 is the speed of sound in air 
at 273 K, which has a value of 331.3 m/s. From equation 4.14  above, it is expected 
that a 1 K change in temperature would result in a 0.6 m/s change in the speed of 








where 𝑝0 = 101325 Pa is the atmospheric pressure, 𝑅 = 287.058 J/kg ∙ K is the 
universal gas constant, and T is the temperature in Kelvin. Substituting equations 4.14 
and 4.15 into equation 2.2,  the analytically derived metamaterial dispersion can be 






Figure 4. 18 Analytically obtained metamaterial dispersion plots (solid lines) as a function of 
temperature for different temperature values. The corresponding free space dispersion curves 
are also shown (dotted lines). 
Because of its highly dispersive nature, this metamaterial structure is expected 
to have a comparatively higher frequency-dependent temperature rate of change than 
the free space. This is evident from the slope of the dispersion curve at a given 
frequency, which corresponds to the sound speed.  It can, therefore, be expected that 
the peak and cutoff frequencies of the metamaterial structure will increase as the 
temperature rises. To investigate how this effect behaves within the artificially 
engineered metamaterial parameters, a numerical study is carried out where the 
ambient temperature of the base medium (air) is changed from 253 K  to 353 K, and 




material properties of the polymer, which makes up the disks, are not considered 
since wave propagation within the structure is only via the base medium (air) due to 
the vast difference in bulk moduli between these two media. 
 
 
Figure 4. 19 Normalized far-field pressure plots for the metamaterial as a function of 
frequency for different ambient air temperatures. 
 
Figure 4. 19 indicates that changes in the temperature have noticeable effects on 
the performance of the metamaterial structure. The working frequency of the 




temperatures increasing the cutoff frequency. A decrease in the overall pressure 
amplification effect can also be observed. The air molecules within the metamaterial 
gaps possess higher kinetic energies at higher temperatures, which is further increased 
during the pressure perturbations caused by sound propagation. Degradation of the 
evanescent coupling mechanism would result from this, which is a similar 
phenomenon in the emitter size studies discussed in 4.3.4. 
 
4.4 Experimental and numerical studies on a 25.6 kHz 
metamaterial emitter 
The parametric studies discussed in section 4.3 provides a set of guidelines for 
realizing an optimal metamaterial emitter. As an earlier endeavor in this work, it was 
demonstrated that a metamaterial structure with roughly similar parameters is capable 
of providing equally extraordinary enhancements to acoustic wave radiation. To 
realize the metamaterial, a Stereolithography-type printer (Formlabs Form 2) was 
employed, and a rigid polymer (White FLGPWH04) was used. In this study, the 
metamaterial emitter’s design comprises of 28 plates separated by 1 mm air gaps. The 
diameters of the plates range from 8.24 mm (last three plates) to 2 mm at the tip of 
the metamaterial. The design also features an emitter holder at the base(behind the 3-
plate metamaterial cavity), with a pinhole measuring 1.2 mm in diameter to simulate 






Figure 4. 20 (a) Exploded CAD model of metamaterial emitter assembly. The ultrasonic 
speaker is a commercially available unit with a center frequency of 25 kHz. (b) Photograph 
of metamaterial emitter realized studied in this work. The Transducer holder features a 
pinhole 1.2 mm in diameter to serve as a point source. 
 
Such a metamaterial design strongly modifies the acoustic radiation of a 
transducer embedded inside the metamaterial by offering extraordinary acoustic wave 
confinement – a direct consequence of the metamaterial’s ability to support high-k 
states [60], [67]. The metamaterial achieves this by availing a high effective 
impedance medium 𝑍𝑀𝑀 for the propagation of acoustic waves (Figure 4. 6). As 
discussed in section 4.3.1, an embedded emitter in this high impedance environment 





where 𝑢0 is a constant related to the external power supply. To smoothly deliver the 
enhanced acoustic energy into the free space with minimal impedance mismatch, the 
metamaterial cavity is padded with 24 disks spaced with one-millimeter gaps, which 




region is essential to couple the acoustic energy from the metamaterial to the air while 
retaining as much of the enhanced energy as possible, so that the sound waves are 
discharged from the metamaterial emitter with a greatly elevated pressure field. 
Figure 4. 21 (a) and (b) shows the pressure amplitude and gain plots obtained 






Figure 4. 21 (a) Emission spectrum of the emitter with and without the metamaterial (blue 
and red respectively) measured from 100 cm away. (b) Experimentally obtained and 
simulated emission gain of the metamaterial emitter, which is the ratio of the on-axis 
pressure amplitude of the emitter with and without metamaterial. The simulated data were 





The results show that a large increase in the sound source pressure level (on-axis 
pressure) is realized (Figure 4. 21 (b)). When compared to the same setup without the 
metamaterial structure, the emission sound pressure is greatly enhanced around its 
design frequency (~26.6 gain), and this observation is consistent across the 
experimental results and the numerical simulations.  This prove-of-concept study 
enables the development of a compact acoustic emitter with high output power and 
extraordinary beam directivity, capable of mimicking the high-efficiency sound 
radiation and acoustic beam control functionality found in bio-acoustic systems. 
The highly directional nature of the metamaterial emitter is also demonstrable 
in this design. The directivity and the effective aperture of the metamaterial emitter at 





Figure 4. 22 (a) Normalized directivity of the metamaterial emitter and the reference from the 
simulation. (b) The effective aperture of the metamaterial emitter obtained from the tip of the 
device.  
The half-power beamwidth of the metamaterial is related to the wavelength 
through the equation [133] 




where α𝐵𝑊 is the beamwidth factor, 𝜆 represents the wavelength, and d is the 
effective aperture size of the system. A smaller value of 𝜃𝐻𝑃𝐵𝑊 indicates higher 
directivity. The beamwidth factor α𝐵𝑊 usually assumes values like 70° in parabolic 
antennas. From the numerical simulations, 𝑑 and 𝜃𝐻𝑃𝐵𝑊 can be obtained for the 




From Figure 4. 22 (b), d = 2.5 cm at 25.6 kHz and 𝜃𝐻𝑃𝐵𝑊 ≅ 26°, giving 𝛼𝐵𝑊𝑀𝑀 =
45.5°.  In conventional sonar systems, achieving a higher angular resolution (smaller 
𝜃𝐻𝑃𝐵𝑊) would usually require a large effective aperture size for a given wavelength. 
This condition is greatly relaxed in this high-k acoustic metamaterial emitter since, in 
addition to the large effective aperture size, it has a smaller beamwidth factor α𝐵𝑊. 
 Notably, the highly directional characteristic of the metamaterial emitter is 
present across a large bandwidth, as evident in the experimentally obtained directivity 






Figure 4. 23 Experimentally obtained contour plot of normalized emission amplitude as a 
function of frequency and azimuth for the case with the metamaterial (top) and without the 
metamaterial (bottom). 
 
When compared with the system without the metamaterials, the directional 
advantages of the metamaterial emitter are obvious. Such a system be very useful in 







High-k acoustic metamaterials provide a fertile platform for replicating some of the 
formidable phenomena found in nature. Similar to the acoustic radiation enhancement 
techniques found in nature, the high-k acoustic metamaterial emitter in this study has 
demonstrated the ability to greatly enhance the production and radiation of acoustic 
waves from an embedded emitter by making use of both metamaterial cavity and 
tapered coupling regions.  
 This chapter aimed at realizing an acoustic metamaterial for enhancing 
acoustic radiation and understanding the effect of different parameters on the 
performance of the metamaterial. In investigating the optimal size for of the 
metamaterial cavity, it was demonstrated that a cavity comprising of for disks 
measuring 8.25 mm in diameter and 2 mm in thickness, and spaced by 1 mm air gaps 
was optimal for enhancing acoustic waves of a centrally placed emitter over a 30 kHz 
bandwidth. Adding more disks to the metamaterial cavity degraded the far-field 
performance, while the two -disk configuration did not correspond to the 
metamaterial dispersion curve. The tapered metamaterial coupling region was 
identified to serve two key functions: to efficiently couple the enhanced acoustic 
waves from the cavity region to the free space with minimal losses; and to tailor the 
radiated pattern, producing a more directional beam. From numerical simulations, it 
was found that more gentle tapers are generally more favorable compared to steeper 




gaps is an important parameter that can modify the optimal design frequency of the 
metamaterial emitter.  
 The emitter size was demonstrated to play a role in the pressure amplitude and 
gain from the metamaterial emitter. While larger emitters provide greater pressure 
amplitude, they boasted comparatively lower gains when compared with the system 
without the metamaterial. Also, in investigating the ambient temperature effects on 
the metamaterial emitter’s performance, it was found that lower temperatures 
increased the far-field gain of the metamaterial while reducing its optimal and cutoff 
frequency. Such an effect provides more evidence in the metamaterial’s ability to 
enhance the control of acoustic waves since a larger effect is achieved (pressure 
amplitude and frequency change) by changing the stimulus (temperature change). 
Experimental studies performed for a characteristic 25.6 kHz acoustic 
metamaterial emitter demonstrated its ability to provide various enhancements to 
acoustic wave radiation. Notably, the metamaterial sonar introduced here opens a 
promising way into real-world applications. Compared with its no-metamaterial 
counterpart, the metamaterial emitter achieved an acoustic pressure gain of over 25 
times at the design frequency. The waves were also emitted in a highly directional 
pattern commensurate with acoustic horns, thus acting as a mode-area transformer. 
Remarkably, the metamaterial emitter achieved this phenomenon in a manner 
unconventional to acoustic horns, where the mode-area instead decreases with 
aperture size. As such, although using different mechanisms, this metamaterial 
emitter can achieve similar emission enhancement features as found in some small 







Chapter 5: Bio-inspired High-k acoustic metamaterial 
SONAR 
 
In nature, bio-acoustic systems for perception and navigation are generally highly 
optimized and are efficiently tailored to their specific applications. Echolocating 
animals possess remarkable bio-sonar systems to facilitate their navigation, 
communication, and foraging activities. Achieving such advanced levels of efficiency 
and functionality usually require these organs to be quite complex, and therefore pose 
formidable challenges for their replication in research. In recent years, the advent of 
acoustic metamaterials has opened new possibilities in the study of acoustics and has 
provided a novel platform for the development of new devices and applications in the 
field. In this chapter, it is also shown that a compact bio-inspired sonar system can be 
realized by using a high-k metamaterial emitter and receiver combination, and this 
system is demonstrated to have significantly improved detection range, the ability for 
small target size detection, and high spatial resolution for differentiation of closely 
spaced targets. Furthermore, using a robotic platform with a simple tracking algorithm, 
it is shown that the metamaterial enhanced sonar system demonstrated superior tracking 






For many biological organisms in nature, sound is a critical means through which their 
surrounding is perceived. These animals are equipped with highly efficient bio-acoustic 
transducers for sound generation, detection, and manipulation, to which they owe their 
remarkable perception, communication, navigation, and preying capabilities. Some 
animals such as bats and dolphins (Figure 5. 1 (a) and (b)) combine their acoustic 
emitting and receiving systems to form a sophisticated sonar system for navigation and 
foraging [134]–[138]. They can produce exceptionally directional sonar beams that 
selectively “illuminate” a specific volume of space and enable accurate target detection 
and tracking of small objects in noisy and cluttered environments. This feature also 
enables efficient information processing by reducing echo interference in cluttered 
environments. 
Acoustic metamaterials, on the other hand, present a new paradigm for 
manipulating acoustic waves and therefore offer a comprehensive and versatile 
platform for the development of novel bio-inspired acoustic devices with unique 
properties and functionalities. With these artificially engineered structures, researchers 
are capable of manipulating sound waves in ways that are unconventional in naturally 
occurring materials, and thus giving rise to such novel functional devices as super-
resolution and hyper-resolution imaging devices, acoustic beamforming, acoustic 
sensing systems, acoustic cloaks, and acoustic filters [8], [14], [51], [67], [68], [139]. 
Such abilities could lend themselves to enhancing conventional sonar systems towards 




research advancements in sonar technologies in recent years. However, such efforts are 
generally relegated to the electronic layer in the form of complex signal processing 
techniques  [112], [113], [133], [140]–[163].  In chapter 3, it was demonstrated that a 
high-k acoustic metamaterial based on the graded-index design was capable of 
enhancing acoustic reception and displayed many properties that are found in the much 
complex biological cochlea. In chapter 4, an acoustic metamaterial was realized that 
was capable of enhancing the acoustic emission of an embedded emitter, as well as 
educing such desirous properties as radiation enhancement and directionality. If these 
two acoustic metamaterials can be combined, it would be possible to realize a sonar 
system with enhanced capabilities. 





Figure 5. 1 Schematic of biological sonar systems in the bat (a) and the dolphin (b). (c) CAD 
model of the metamaterial sonar system comprised of an emitter and receiver pair of 
metamaterials. (d) Schematic of the metamaterial sonar robot tracking and following a target 
robot with a mounted target. 
 
 In this chapter, the acoustic metamaterials developed in the previous chapters 
are employed as a multifunctional bioinspired sonar platform that would benefit from 
the unique properties and functionalities possessed by these structures such as high-
efficiency sound radiation, acoustic beam control, wave trapping, and amplification. 
By combining the metamaterial transmitter and receiver (Figure 5. 1 (c)), superior long-
distance ranging and navigation, small target detection, and high-resolution acoustic 




demonstrated that a robotic sonar platform equipped with the acoustic metamaterials is 
capable of superior target detection and tracking (Figure 5. 1 (d)). This work represents 
a significant leap forward from the existing sonar-based robots that are plagued with 
limited performance and functionalities. 
 
5.2 Analytical studies  
It is possible to apply well established analytical studies on the metamaterial sonar to 
demonstrate the advantages that the metamaterial sonar system provides over a 
conventional sonar system. To evaluate the advantages of using metamaterials, three 
key factors are investigated as figures of merit for the metamaterial sonar; the 
enhancement of echolocation range, detectable target size, and target differentiation 
capability.  
5.2.1 Conventional sonar system 
Consider a sonar comprised of an emitter and a receiver (Figure 5. 2) that detects a 
target with a range of R1 and R2 from the emitter and receiver, respectively. For 






Figure 5. 2 Schematic of the sonar system for use in deriving the metamaterial sonar 
equation. 
 It is assumed here that the emitter is a small acoustic source radiating energy in all 
directions (three-dimensional case) so that the power density of acoustic waves 
propagating at the target location may be expressed as [164]: 




where St is the sound power density at the target location R1, and We represents the 
transmitted power of the emitter. The acoustic waves incident onto the target from the 
emitter is reflected as echo signals which are picked up by the receiver of the sonar. 
The power density of echo waves detected by the receiver would depend on the 













4 ∙ 𝜎 (5.2) 
where   represents the scattering cross-section of the target, which is approximately 
proportional to the size of the target. To estimate the detection range of the sonar, it is 
assumed that the minimum power density detectable by the receiver is 𝑆𝒓𝒎𝒊𝒏, and as 
such the maximum detection range of sonar can be derived as: 







          For convenience, the radiation power We of the sound source is converted to the 
radiation pressure Pmax by 𝑃𝑚𝑎𝑥
2 = 𝑊𝑒, since the sound pressure field, rather than sound 
power, is generally the quantity being measured. Equation 5.3 can then be rewritten as: 








5.2.2 Metamaterial sonar system 
         The effects of the metamaterial emitter and receiver are now introduced, which 
has been demonstrated to provide significant gains in both emission and signal 
reception. By considering the emission gain Gt (measured by the far filed pressure), 









2  (5.5) 
Similarly, with the reception pressure gain Gr, equation 5.2 can be rewritten as: 






4 𝜎  (5.6) 
The performance enhancement of a sonar comprised of metamaterial emitter and 
receiver may, therefore, be evaluated by its maximum detection range: 










 From equation 5.7, it is evident that the maximum detection range of sonar 
could be drastically enhanced by using a metamaterial emitter and receiver system 
with significant emission and reception gains and provide obvious advantages for 
acoustic navigation, surveillance, and communication. Moreover, a sonar capable of 
detecting small objects is highly desirable for target recognition and tracking 
applications. Since a smaller object will have a lower scattering cross-section, the 
minimum detectable cross-section σ𝑚𝑖𝑛 could be an effective figure of merit to 















minr rP S=  is the minimum detectable pressure of the sensor embedded in the 
metamaterial receiver. The inverse-squared relationship in equation 5.8 provides 
compelling evidence that using high gain metamaterials strongly enhances the 
minimum target cross-sectional area of the structure, thus significantly increasing the 
capability for small target detection. Vehicles or robotic systems equipped with a sonar 
system often need to perform tasks in highly cluttered environments, which requires 
the sonar system to discriminate and differentiate closely spaced targets – an important 
feature for path planning and collision avoidance [143], [165], [166]. Therefore, the 
system’s angular resolution is a good figure of merit to evaluate the system’s imaging 
capability. The angular resolution in terms of the distance between two targets can be 
expressed as [164]: 




Where R is the slant range aim, and θHPBW is the beamwidth given by θHPBW =
α𝐵𝑊 λ/d, as discussed in chapter 4.4. In this relation, α𝐵𝑊 is the beamwidth factor, λ is 
the free-space wavelength, and d represents the effective aperture size of the system. 
In conventional sonar systems, achieving a higher angular resolution (smaller θHPBW) 
would usually require a large effective aperture size for a given wavelength.  This 
condition is greatly relaxed in this high-k acoustic metamaterial sonar system since the 
metamaterials boast a large effective aperture size. As such, a higher resolution can be 
achieved with a relatively small-sized device, which is a useful advantage of the 




5.3 Sonar experimental characterization 
To demonstrate how the metamaterial sonar system addresses the factors mentioned 
above, namely enhancement of echolocation range, detectable target size, and target 
differentiation capability, the performances of the sonar system with and without the 
metamaterials are experimentally compared. The photographs in Figure 5. 3 (a) and (b) 
depict the sonar system with and without the metamaterials, respectively. For the 
receiver subsystem, a MEMS microphone was used (SPU0410LR5H-QB),  and the 
orientation of its aperture was such that was always normal to the acoustic velocity 
field. This means that in the metamaterial, the axis of the aperture was perpendicular 
to the sonar axis (Figure 5. 1 (c)) since the velocity field in the metamaterial gaps is 
normal to the metamaterial axis, as discussed in Section 2.4.1 [27]. Conversely, for the 
receiver subsystem without the metamaterial, the axis was parallel to the sonar axis 
(Figure 5. 3 (b)). To properly align the sonar systems, a small laser was embedded in 





Figure 5. 3 (a) Photo of the metamaterial sonar system. The alignment laser is used as a 
visual reference of the metamaterial axis. (b) Photo of the sonar system without 
metamaterials. (c)-(f) Flow chart for obtaining the echo energy. (c) The entire waveform 
obtained from the receiver. The echo is cropped from the signal (d), and a Fourier transform 
is carried out on the signal to expose all its frequency components. (e) The energy is then 





In the echolocation experiments in this section, the energy is obtained from the 
receiver and analyzed according to the schematic in Figure 5. 3 (c)-(f). The time-
domain echo is cropped from the total signal received from the microphone. A Fourier 
analysis is then done on the pulse to reveal its frequency components, with values up 
to 100 kHz. Next, a cropped frequency spectrum is obtained, with frequency bounds f1 
= 5 kHz and f2 = 60 kHz. Finally, the energy is obtained using Parsevell’s theorem, 
given by [167]: 




where 𝑋(𝑓) is the Fourier transform of the echo signal. The average of the energies 
from three echoes are plotted. The MATLAB codes for performing these routine 
calculations are presented in Appendix A5 and A6 
 
5.3.1 Echolocation range 
A schematic of the experimental setup for the echolocation range and detectable target 
size experiments is shown in Figure 5. 4 (a). In the experiment for investigating the 
echolocation range, a target with a diameter of 89 mm and a height of 1.5 m is used. 
The distance between the target and the sonar system ranged from 15 cm to 10.5 m. 
Figure 5. 4 (b) compares the performance of the sonar systems with and without 




reflections from walls and other objects were minimized. As such, the noise floor of 
both systems (with and without metamaterials) could be assessed. 
 
Figure 5. 4 (a) Schematic of the target size and distance experiments. (b) Echo energy as a 
function of distance for a target with and without metamaterials. The target was 89 mm in 





 By comparing the normalized energy between the metamaterial sonar and the 
sonar without the metamaterials, it is apparent that the metamaterial sonar significantly 
extends the echolocation range about nine times with respect to the identical system 
without metamaterials. This is despite the slightly higher noise floor of the 
metamaterial sonar system, which comes as a result of the metamaterial amplifying all 
frequencies in the given bandwidth, whether they are part of the signal or noise.  
5.3.2 Target size 
In another set of experiments for investigating the detectable target size carried 
out in a closed chamber, each sonar system was presented with different sized targets 
located 55 cm away. The targets ranged from 1.3 mm to 400 mm in diameter and 40 
cm height. In Figure 5. 5, the exceptional advantage of the metamaterial sonar 






Figure 5. 5 Normalized echo energy for different target sizes with and without metamaterials. 
The targets were 40 cm tall and were placed 55 cm away from the sonar setup.  
 
In this set of experiments, the detection limit is defined as the limit beyond 
which the object’s echo is indistinguishable from the background noise from the wall 
reflections. To better understand this, a power spectral plot for the targets is done and 






Figure 5. 6 Power spectrum of the 400 mm, 164 mm and 114 mm targets with metamaterial 
(top row) and without metamaterial (bottom row). 
 
Figure 5. 7 Power spectrum of the 89 mm, 60.6 mm, and 33.5 mm targets with metamaterial 





Figure 5. 8 Power spectrum of the 27 mm, 19.1 mm, and 15.8 mm targets with metamaterial 
(top row) and without metamaterial (bottom row). 
 
Figure 5. 9 Power spectrum of the 12.5 mm, 9.5 mm, and 6.35 mm targets with metamaterial 





Figure 5. 10 Power spectrum of the 2.4 mm and 1.3 mm targets with metamaterial (top row) 
and without metamaterial (bottom row). 
 
In the power spectral plots presented, the “Noise” data (green plots) represent 
data obtained when the targets were completely removed from before the sonar system. 
As such, the obtained power at the microphone is from background reflections. It can 
be observed from Figure 5. 7 through Figure 5. 10 that the received power from the 
sonar system without the metamaterials are constant from the 89 mm target and below, 
and barely distinguishable from the noise. As such, the sonar system without 
metamaterials reached its detection limit with the 89 mm target, while the metamaterial 
sonar did not reach its limit even with the smallest target. Therefore, the metamaterial 




Additionally, a comparison of the time domain data between both sonar systems 
demonstrates the superior echo enhancement provided by the metamaterial system 
(Figure 5. 11 and Figure 5. 12). Such obvious advantages provided by the metamaterial 
system perceptible even without heavy signal processing could be very useful for 







Figure 5. 11 Time domain data for the echoes of different targets with metamaterial (blue) 






Figure 5. 12 Time domain data for the echoes of different targets with metamaterial (blue) 
and without metamaterial (red). Targets from 12.5 mm to 1.3 mm are shown. 
 
It is interesting to note that the echo signal produced by a 1.3 mm target with 
the metamaterial sonar system was markedly larger than that of the 400 mm target from 
the sonar system without metamaterials, as evident in Figure 5. 11 and Figure 5. 12. 
 
5.3.3 Target separation 
Next, the ability of the sonar systems to assess the gaps between two targets as well as 




experiments is shown in Figure 5. 13, where two targets measuring 89 mm and 60 mm 
in diameter and 40 cm tall are placed in a plane perpendicular to the sonar axis and 55 
cm away from the sonar system. The sonar system was mounted on a rotating stage 
which positioned the system so that it scanned from 𝜃 = 0° to 𝜃 = 180°. 
 
 
Figure 5. 13 Schematic of the target separation experiments. (a) Two pipes measure 89 mm 
and 60 mm in diameter and 40 cm tall, respectively (b) Gap experiments using two boards 
placed to form a gap in front of the sonar system.  
 
In the pipe separation experiments in Figure 5. 14 (a), it can be seen that the 
metamaterial sonar can differentiate targets when the distance between the two targets 
larger than 17 cm. Furthermore, echoes from the targets are also observed to carry 
information of their relative size difference, since the echoes from the left target are 




size.  It is thus clear that the metamaterial sonar system has a higher angular resolution 
and can easily differentiate these closely spaced targets until the image profile of the 
two pipes become seriously overlapped, which indicates the resolution limit of the 
sonar system. By contrast, because of the poor angular resolution, the conventional 
sonar suffers from limited imaging ability and is incapable of resolving the closely 






Figure 5. 14 Experimental results of the target separation detection using the sonar setup 
with the metamaterials (a) and without the metamaterials (b). Normalization is with respect 
to the maximum energy value from the metamaterial sonar system. 
  
Next, the minimum separation resolvable by the sonar system in a high-echo 
power setup is investigated (Figure 5. 13 (b)). Presenting the sonar system with two flat 
panels ensures that most of the power is reflected to the system and mimics targets with 
a maximum surface area. Such a situation challenges the sonar’s ability to resolve gaps 




system could resolve the gap between the panels up to 20 cm. By contrast, the sonar 
system without the metamaterials was incapable of identifying the gaps, since the low 
directivity and angular resolution ensured that it was consistently overwhelmed by the 






Figure 5. 15 Experimental results of the gap separation detection using the sonar setup with 
the metamaterials (a) and without the metamaterials (b). Normalization is with respect to the 





5.3.4 High-frequency metamaterial sonar 
The acoustic metamaterials studied in chapters 3 and 4 were optimized to operate 
around 25.6 kHz, a frequency that closely matches the working frequency of some 
commercially available transducers. However, the principles of these metamaterial 
designs are for a wide range of frequencies and can be employed to design acoustic 
metamaterials to work with transducers with higher frequencies. In an earlier 
endeavor, a metamaterial pair designed to operate at around 40 kHz was realized and 
studied. A comparison between the characteristics of the 40 kHz structures and the 25 
kHz structures reveal very similar behaviors. Figure 5. 16 (c) – (f) shows the 






Figure 5. 16 Photographs of the emitter equipped with the metamaterial (a) and without the 
metamaterial (b). (c) The frequency response of the metamaterial emitter measured by a 
reference microphone placed in the far-field. The pressure gain plot is defined as the ratio of 
the signal amplitude measured with the metamaterial to that measured without the 
metamaterial. (d) Emission directivity at 40 kHz. (e) and (f) show contour plot of the 
normalized emission amplitude as a function of frequency and azimuth for the case without 
the metamaterial (e) and with the metamaterial (f). Normalization is with respect to the peak 





The 40 kHz metamaterial emitter in Figure 5. 16 (a) comprises 38 circular 
plates 1.15mm thick spaced with 0.35 mm air gaps giving a periodicity of 1.5 mm. 
The last plate diameter measures 5.7 mm. As expected, this metamaterial shows 
significant amplification (~8 times gain) of the acoustic pressure field when 
compared to the system without the metamaterials (Figure 5. 15 (c)), although such 
gain values are modest compared with the 25.6 kHz metamaterial emitter discussed in 
chapter 4. Such a smaller gain is expected due to a few reasons. First, the 
metamaterial print quality is comparatively low in resolution; thus, surface roughness 
resulted in greater losses in the structure, reducing the overall gain. This is further 
exacerbated by the higher frequency operation of the design, which gives rise to a low 
wavelength to roughness ratio, causing more energy loss. Furthermore, because high 
frequencies attenuate faster in a medium, it is expected that comparatively lower 
acoustic pressure would be recorded by a receiver placed at similar distances. 
 Figure 5. 16 (d)-(f) reveals the highly directional nature of this metamaterial 
emitter (~ 60°), with directivity increasing with the frequency. This is a similar 
phenomenon that was observed with the 25.6 kHz metamaterial. By contrast, the 
emitter shows poor directional emission without the metamaterial.  
 In Figure 5. 17, the 40 kHz metamaterial receiver characteristics are 
displayed. The dimensions of this receiver are similar to that of the emitter. Although 
this design is not optimized, it boasts useful advantages over the un-enhanced system 
(Figure 5. 17 (b)). It shows a four-times enhancement at ~43 kHz, which his well 






Figure 5. 17 Photographs of the receiver (MEMS microphone) equipped with the 
metamaterial (a) and without the metamaterial (b). (c) The frequency response of the 
metamaterial receiver measured by the ultrasonic MEMS microphone. The bottom plot is the 
gain plot obtained by normalizing the plot with metamaterial with the data without 
metamaterial. (d) Reception directivity at 40 kHz. (e) and (f) show contour plots of the 
normalized reception amplitude as a function of frequency and azimuth for the case without 
the metamaterial (e) and with the metamaterial (f). Normalization is with respect to the peak 





Similarly, the directivity of the 40 kHz metamaterial receiver shows 
comparable behavior to that of the metamaterial emitter and their low-frequency 
counterparts. This makes this receiver an ideal pair for the 40 kHz metamaterial 
emitter to realize a high gain, high-frequency metamaterial sonar system.  
 A sonar system was then formed with the 40 kHz metamaterials, and target 
size and separation experiments were conducted similar to the 25.6 kHz metamaterial 





Figure 5. 18 (a) Photograph of the 40 kHz metamaterial sonar. (b) and (c) show echo signals 
(time and frequency domains respectively) detected by the metamaterial sonar as compared 
with the conventional sonar system (without using metamaterials). (d) The detection range 
enchantment. (e) and (f) show the directivity patterns of the active echolocation of pipes with 
different sizes for the cases without metamaterials and with metamaterials, respectively. (g) 
and (h) Experimental results of the target separation detection using the 40 kHz sonar setup 





The target separation experiments shown in Figure 5. 18 made use of two 
cylindrical targets (63.5 mm and 38.1 mm in diameter, and 40 cm in height) placed at 
different separation distances between them, which were insonified with the sonic 
sensing system 100 cm away. This system was able to distinguish the targets up to a 
separation of 16 cm, which is quantitatively better than the performance achieved 
with the 25.6 kHz metamaterial, which was placed almost half the distance (55 cm). 
This is mostly due to the shorter wavelengths of the 40 kHz, which increases the 
resolving power of the system (equation 5.9). In these experiments, minimal signal 
processing was done compared to what was presented for the 25.5 kHz metamaterials. 
However, the results still demonstrate the superiority of the metamaterial sonar 
system over a conventional system.  
 
5.4 Metamaterial enhanced robotic tracking  
In this section, a small robotic platform with a simple tracking algorithm is used to 
showcase the advantages the high-k acoustic metamaterials avail to a conventional 
sonar system. Use is made of the 40 kHz metamaterial, which is mounted on a small 
four-wheeled robot (Figure 5. 19). The metamaterial sonar system is fixed to a 
rotating servo, which acts as the “neck” of the system to orient the sonar in a 
specified direction. A long rod suspends the system at a sufficient distance from the 





Figure 5. 19 Photograph of the four-wheeled sonar tracking robotic platform with the 
metamaterials. 
 
5.4.1 Localization scheme 
Similar to some bat species that scan their environment with rapid head and ear 
movements [140], [168]–[170], the robot steers the sonar to alternately point its sonar 
beam toward the left and the right directions at 100 ms intervals, emitting clicks and 





Figure 5. 20 (a) Schematic of the tracking method showing the relationship between the 
target and the two emitted clicks. (b) Schematic of the directional cues used for robot 
tracking. The intensity difference is used to infer the target’s position. 
 
 The amplitude of the left and right echoes reflected from a target (such as a pole-like 
object) can be expressed as: 
   𝐴𝐿 = 𝐴(𝑟)𝑒
𝜃2/𝜎2 (5.11) 
and 






where 𝐴(𝑟) is a function of the radial distance r between the target and metamaterial 
sonar, 𝜃 represents the azimuth of the target relative to the sonar, and 𝜎 is the 
metamaterial beamwidth. Similar to the Egyptian fruit bat’s optimal localization 
strategy [171], [172], the sonar robot directs the maximal slope of its emission beam 
pattern onto the center of the target, thus maximizing changes in echo intensity that 
result from the motion of the target. Correspondingly, α is the optimal angle between 
the pair of clicks, and the azimuthal motion of the target relative to the metamaterial 
could be characterized by comparing the intensity difference between the left and the 
right echo signals: 
   𝐴𝑑  =  
𝐴𝐿 − 𝐴𝑅
𝐴𝐿 + 𝐴𝑅











  (5.13) 
When the maximum slope of the beam is directed toward the center of the object 
(Figure 5. 20 (b)), any motion of the object relative to the metamaterial sonar will result 
in the largest possible change between the left and right echo. The sign of 𝐴𝑑 in 
equation 5.13 dentifies the direction of target relative to the axis of the sonar, with a 






5.4.2 Tracking control scheme 
A simple tracking scheme is implemented to demonstrate the functionality and 
effectiveness of the robotic platform in performing tracking maneuvers using the 
metamaterial sonar sensing system. The parameters needed for this tracking are the 
angle between the target and the sonar axis and the distance between the robot and the 
target (θ and d, respectively). Equation 5.13 is implemented to experimentally construct 
an 𝐴𝑑 − 𝜃 mapping, while the distance d is approximated by the time delay between 
the maximum echo using 




where t/2 is the time of flight of the echo, and c is the speed of sound in air. A digital 
signal processing (DSP) board mounted on the robot serves as the brain of the robot, 
effectuating both robot control and target tracking algorithms. The control scheme aims 
at keeping a fixed following distance 𝑑0 between the robot and the target as well as 
centralize the target on the sonar axis (minimize θ). As illustrated in Figure 5. 21, the 
tracking scheme consists of providing motor inputs from a simple decision-making 






Figure 5. 21 Schematic of the control scheme used for target localization, tracking, and 
following. 
 
5.4.3 Robotic tracking experiments 
A cylindrical target measuring 63.5 mm in diameter and 40 cm in height was placed 
on a second robotic platform. This platform was programmed to navigate simple 
paths so that the sonar robot with the simple tracking scheme discussed in section 
5.4.2 would track and follow. The first set of experiments (Figure 5. 22) investigates 




experiments, the sonar robot is still and oriented perpendicular to the direction of the 
moving object (insert in Figure 5. 22 (a)). The target robot travels a total distance of 
2.2 m, and the perpendicular distance between the target’s path and the sonar system 
is 33 cm. The robot is tasked to orient the sonar (turn the neck servo) to track the 
moving target. This experiment exposes the sonar system’s spatial and temporal 






Figure 5. 22 Sonar tracking of a target moving in a straight line. The “Actual” results (red) 
are from the target robot, while the “Measured” results are from the sonar robot. (a) 
Tracking results for the metamaterial sonar. The insert in (a) is a schematic of the 






The results show that the metamaterial sonar was able to track the robot with 
superior accuracy in terms of distance and angle. This superior tracking capability is 
due to its good angular resolution and signal strength. By contrast, the sonar system 
without the metamaterials showed poor tracking capabilities, only achieving its 
optimal performance when the target was very close to the sonar.  
 In another set of experiments, the sonar robot was tasked to follow the target 
robot negotiating a circular path depicted in Figure 5. 23 (b).  
 
 
Figure 5. 23 (a) Photo of the metamaterial sonar-equipped robot tracking and following the 
target robot. (b) Results of the metamaterial equipped tracking robot tracking and following 





The metamaterial sonar robot was able to follow the target robot with 
remarkable accuracy, which demonstrates the advantages that the high-k metamaterial 
sonar provides active echolocation and robotic tracking. Also, moderate interferences 
from nearby objects such as chairs did not degrade the metamaterial sonar robot’s 
tracking performance. By contrast, due to the low resolution, low signal power, and 
low signal-to-noise ratio, the sonar robot without the metamaterials was incapable of 
tracking the target when subjected to the same circumstances.      
 
5.5 Summary 
Having established the metamaterial emitter’s ability to enhance the radiation 
properties of a point source emitter in chapter 4, and the metamaterial receiver’s 
formidable capabilities in sensing enhancement with similar features of mammalian 
cochleae systems in chapter 3, it is discernable that combining these systems can be 
very useful in improving sonar systems. This was demonstrated by combining the 
metamaterial emitter and receiver to form a metamaterial sonar. This system is 
specifically designed to make use of the pressure and directivity enhancement of both 
metamaterial emitter and receiver. The experimental data showed remarkable results, 
with drastic enhancement compared with the reference (no metamaterial) sonar 
system. The echolocation range experiments took particular advantage of the 
radiation pressure enhancement feature provided by the metamaterial sonar, 
extending the detectable range up to 9 times with the 25 kHz sonar system. When 




metamaterial sonar reduced the minimum detectable object size by over a factor of 
68. In the experiments to test the resolution of two targets 55 cm away, the 
metamaterial sonar system successfully resolved the targets up to a separation of 17 
cm, while the system without the metamaterials was unable to resolve the target under 
the same settings. Moreover, the size difference between the two targets was 
noticeable with the metamaterial system. Such an experiment showcased the effect 
that a directional beam emission can have on target differentiation. These formidable 
properties were demonstrated to be valid for a metamaterial designed to operate at 
higher frequencies (~40 kHz). 
  The advantages that the metamaterial sonar system provides over 
conventional sonar systems could lend themselves in aiding tracking in a robotic 
sonar platform. It was shown that the sonar tracking robot equipped with a simple 
tracking algorithm was capable of superior tracking with the metamaterials. The 
results demonstrate the immense practical values that acoustic metamaterials have 
and show that the research in acoustic metamaterials transcends academic curiosity 








Chapter 6: Conclusion  
Acoustic metamaterials promise to provide unprecedented control over acoustic 
waves than has been otherwise possible, which is an interesting proposition worth 
investigating. The idea that a medium with high wave vector values and high energy 
DOS could provide extraordinary control of acoustic wave propagation is 
revolutionizing the field of acoustics and has been explored in research in recent 
years. This dissertation work has focused on investigating the properties of such high 
wave vector acoustic metamaterials, as well as applications in which they could be 
used. 
  
6.1 Summary of the dissertation work 
6.1.1 Research question responses 
This work set out to explore three key questions (Chapter 1.3), of which the responses 
are provided herein. First, the fundamental properties that electromagnetic high-k 
metamaterials possess have been identified in the realm of acoustics. Electromagnetic 
metamaterials exhibit unique and useful properties as energy confinement, wave 




properties are equally present amongst high-k acoustic metamaterials and were 
demonstrated in this work via numerical simulations, analytical studies, and 
experimental studies. 
 Second, a useful tool that enables accurate experimental studies of the 
intrinsic properties of high-k acoustic metamaterials is realized, studied, and used. 
This fiber optic microphone probe has an ultrathin profile, which enables accurate 
probing of the acoustic fields. Such a system removes the size limitations that 
conventional microphone systems inevitably introduce due to their bulky sizes, 
enabling the intrinsic characterization of even smaller metamaterial structures.  
Third, the high-k properties of acoustic metamaterials have been leveraged in 
this work to realize acoustic metamaterials with practical applications that would 
enhance acoustic sensing and emission. Taking advantage of the wave confinement 
and transport, as well as the radiation enhancement properties of high-k acoustic 
metamaterials, these metamaterials are proven to provide exceptional advantages over 
conventional acoustic systems.  
6.1.2 Research summary 
To realize high-k acoustic metamaterials, the fundamental criterion is the need for the 
existence of a vast difference in the mass densities between the constituent materials 
to ensure that the lattice periodicity remains smaller than the working frequency of 
the structure. Two categories of high-k metamaterials have been identified according 
to their equi-frequency contour plots: elliptical and hyperbolic metamaterials. By 




counterparts or the free space, these high-k acoustic metamaterials can demonstrate 
useful properties such as energy confinement and transport, wave control 
enhancement, and enhancement of acoustic radiation. In this work, these properties 
were studied and explored via novel metamaterial designs.  
A key challenge faced in the study of acoustic metamaterials is that the unit 
cells of these structures tend to be quite small, usually in the millimeter scale, making 
it difficult to directly measure the pressure fields inside the structures without 
compromising them. To overcome this challenge, a low-profile fiber optic 
microphone probe was developed, which was demonstrated to be robust, and have 
excellent sensitivity and omnidirectionality. This sensor is based on low coherence 
interferometry technique, which makes it very stable and less susceptible to 
electromagnetic interference. The studies carried out in this work benefited from 
extensive use of this fiber optic sensor to unearth the intrinsic characteristics of the 
acoustic metamaterials.  
The ability to enhance control over the propagation of acoustic waves in or 
around them, as identified as one of the properties of high-k acoustic metamaterials, 
was exploited through metamaterial designs for acoustic reception. Notably, the 
metamaterials realized and studied for their receptive characteristics were low 
dimensional, which is a desirable quality because it enables easy integration into 
systems or subsystems where they can be used. Due to their highly dispersive nature, 
these structures possessed useful properties in modifying the acoustic waves in their 
subwavelength unit cell structures. They could produce intense pressure fields due to 




sensor within these cavities enabled direct access to these modified pressure fields. 
Another useful property shared by both metamaterials in this study is the ability to 
spatially separate frequencies across their length – a filtering feat analogous to what is 
found in the cochlea, which is a highly complex biological system in the mammalian 
ear. It was demonstrated that such comparatively simple systems could functionally 
mimic the highly complex functions of the mammalian cochlea.  
One of these low-dimensional acoustic metamaterials for acoustic reception 
enhancement was also configured to enable active modification of its parameters, thus 
broadening the usability bandwidth of the device. By enabling a geometric parameter 
of the structure (height of exposed plates) to be arbitrarily alterable, an active 
metamaterial was realized, which further broadened the frequency bandwidth of the 
structure, as well as introduced other functionalities as switching and pulse delay 
control. The latter is a feature that combines the advantages of the high refractive 
index nature of the metamaterial with the dependency of the speed of the acoustic 
waves through the medium on the height of the exposed plates.  
 The well-established ability for radiation to be enhanced by electromagnetic 
metamaterials has recently garnered attention in the field of acoustics, where high-k 
metamaterials could be designed to enhance acoustic wave radiation equally. To 
exploit the radiation enhancement property of high-k metamaterials, a metamaterial 
emitter was designed, realized, and studied that was capable of greatly enhancing the 
radiative properties of an embedded emitter. The design availed a high impedance 
medium to the emitter so that doing work against this high impedance medium 




analogous to the well-known Purcell effect in electromagnetics, where a quantum 
system’s spontaneous emission rate is enhanced by its environment. 
 The metamaterial emitter’s two regions play key roles in its ability to enhance 
the radiative properties of an embedded emitter efficiently. The emitter is placed in 
the metamaterial cavity region, which sets the working frequency of the structure in 
addition to providing enhancement of the emitter’s acoustic radiation. The enhanced 
acoustic waves are then passed to the tapered coupling region, which serves to tailor 
the beam profile of the waves, enabling a more directional beam emission. 
Additionally, this region helps to match the acoustic impedance from the high 
impedance metamaterial cavity to the low impedance free space. This is necessary to 
minimize the impedance mismatch between these media, which would otherwise 
degrade the radiative performance of the structure. As such, the acoustic beam thus 
emerges from the metamaterial with highly elevated pressures, as well as having a 
directional profile that proves useful for many applications. Interestingly this region 
served as a mode-area transformer with an opposite size-aperture relationship to 
conventional systems like horns. 
 Like other metamaterials, the metamaterial emitter’s performance is highly 
dependent on the geometric properties of the design. These optimal design parameters 
were identified through parametric studies that showed the effects of the number of 
unit cells in the cavity region, the optimal length of the tapered coupling region, the 
optimal size of the gaps, and the effects of the emitter size as well as ambient air 
temperature. This study provides a framework for designing an optimal metamaterial 




radiation enhancement. Also, the coupling region needed to be long enough to match 
the impedance to that of air without supporting severe internal losses due to viscous 
and thermal effects. For this metamaterial emitter, it was found that the taper angle of 
the coupling region needed to be at most 2°.  
 Useful findings emerged in investigating extrinsic factors to the 
metamaterial’s design. One of such is the performance of the acoustic metamaterial 
given different sized emitters. Larger emitters would result in higher far-field pressure 
amplitudes but result in generally smaller gain values compared to small-sized 
emitters. This observation is reasonable given the wave propagation mechanism of 
the structure and can be useful to inform different use cases of the metamaterial. Also, 
it was found that the ambient temperature has significant effects on the 
metamaterial’s performance compared to its effect on free-space wave propagation. 
Higher temperatures shift the optimal frequency of the structure to higher values 
while decreasing the overall gain of the device. The fact that a small change in the 
temperature leads to a comparatively larger change in the performance of the 
propagating waves in the metamaterial is another way that this metamaterial enhances 
the control of acoustic waves through it, which is a fundamental property of high-k 
acoustic metamaterials. 
 The practical applications of acoustic metamaterials have been a key factor in 
driving research and innovation in this area. By combining the high-k metamaterial 
emitter and receiver, a metamaterial sonar is realized, which, for the first time, 
demonstrates the use of acoustic metamaterials in enhancing sonar systems. Such a 




directivity of the metamaterials to provide remarkable enhancement to sonar systems. 
It is analytically determined that the metamaterials should provide significant 
enhancement to the performance of sonar systems, and this is experimentally proven 
using a batch of tests. The acoustic metamaterials extended the detectable range of a 
conventional sonar system up to 9 times. This is despite the higher noise floor of the 
metamaterial sonar system, which comes as a result of the metamaterial amplifying 
all frequencies in the bandwidth, be it part of the signal or noise. As such, the 
metamaterial sonar system maintained a higher signal-to-noise ratio. The 
metamaterial system also excelled in its ability to identify targets of different sizes, 
reducing the minimum detectible object size by over a factor of 68 when compared to 
the conventional system without the metamaterials.   
 Sonar systems used for tracking and navigation are often tasked with 
resolving the gap between objects in which the system’s resolution would determine 
its performance.  The metamaterial sonar system showed superior abilities in this task 
due to its comparatively high angular resolution. Cylindrical targets were resolvable 
up to a separation of 17 cm while preserving some information about the size of the 
objects. The conventional sonar system was unable to resolve the objects due to its 
low resolution and signal-to-noise ratio. 
 The advantages that these high-k acoustic metamaterials have in sonar systems 
lend themselves in applications such as robotic tracking. Using a metamaterial sonar 
system designed for 40 kHz, which is the operating frequency of some commercially 
available transducers, these advantages were demonstrated on a robotic platform. An 




was used, with which the metamaterial sonar system demonstrated superior tracking 
capabilities compared to the system without the metamaterials.  
6.1.3 Delineation of High-k properties in this study 
Notably, all the properties of high-k metamaterials were exhibited by the 
metamaterials developed and studied in this dissertation work.  
Energy confinement and transport: The double-tapered acoustic metamaterial 
developed to understand the waveguiding properties of anisotropic graded-index 
acoustic metamaterials demonstrated acoustic energy transporting characteristics, 
where the acoustic waves were gradually amplified and transported through the 
device. Also, the metamaterial receivers demonstrated the ability to confine acoustic 
waves via wave compression, wherein the acoustic pressures were enhanced. 
Radiation enhancement: It was demonstrated that the acoustic metamaterial emitter 
enhanced the acoustic pressure of an embedded emitter and releasing these enhanced 
pressure fields into the far-field. This was identified to be as a result of availing a 
high acoustic impedance medium to the embedded emitter. 
Enhancement of control: Due to their frequency selective nature, all the 
metamaterials in this work enhanced the control of acoustic waves through them. 
Additionally, the metamaterial receivers exhibited filtering characteristics that were 
position-dependent. Notably, the on-chip metamaterial receiver provided an extra 
degree of control by enabling the active configuration of one of its parameters, 





6.2 Major contributions 
The original contributions of this dissertation work are summarized as follows 
Contribution 1: An enhanced understanding of the fundamental properties of 
high-k acoustic metamaterials has been obtained. Key properties possessed by 
high-k electromagnetic metamaterials, namely enhancement of control, confinement 
and transport of energy, and radiation enhancement, have been identified in acoustic 
metamaterials and exploited in this work. These equivalences established between 
electromagnetic metamaterials and acoustic metamaterials establishes a reference 
point through which the study of acoustic metamaterials can be furthered. 
 
Contribution 2: A low profile fiber optic probe has been developed that enables 
the study of the intrinsic properties of acoustic metamaterials. Using this probe, 
for the first time, direct measurement of the pressure fields inside the metamaterials 
has been achieved without seriously disrupting these fields. This has enabled the 
unearthing of properties that were previously unattainable via experimental studies. 
Using this tool, the wave propagation mechanism in graded-index acoustic 
metamaterial waveguides has been experimentally demonstrated. Unlike conventional 
waveguides that make use of wall-to-wall reflections to confine and transport acoustic 
waves, the anisotropic metamaterial waveguides in this work make use of gap-to-gap 
coupling of the evanescent fields to propagate acoustic waves. This mechanism 






Contribution 3: A low dimensional on-chip acoustic metamaterial has been 
developed that allows for active tuning of its properties. For the first time, a 
graded-index acoustic metamaterial whose properties can be tuned using a liquid has 
been developed.  By changing the plate height of a tapered graded-index 
metamaterial, such phenomena as signal amplification, filtering, switching, and active 
pulse retardation and their related properties were achieved. This metamaterial design 
thus extended the usability of an otherwise passive structure over a broader 
bandwidth. 
 
Contribution 4: A refined understanding of how to design high-k acoustic 
metamaterials for acoustic emission enhancement has been obtained. Far-field 
radiation enhancement is achieved by embedding an acoustic source in a high-
impedance metamaterial cavity, which enables the transfer of more power from the 
source. The metamaterial cavity size, tapering angle of the coupling region, the effect 
of gap thickness, the effect of size of the emitter, and ambient temperature effects on 
the metamaterial radiation performance were studied. Experimental demonstrations of 
emission enhancement were also presented. 
 
Contribution 5: A bio-inspired metamaterial receiver and emitter has been 
developed and used to realize a compact metamaterial sonar system to enhance 
sonar tracking. The high-k metamaterial receiver was shown to functionally 




performed by the mammalian cochlea. Combining this metamaterial receiver with the 
metamaterial emitter produced a compact bio-inspired sonar system. By providing 
signal amplification, increased directionality, and a high signal-to-noise ratio, the 
metamaterials extended the detection range, reduced the minimum detectable target 
size, and improved target differentiation capabilities of a conventional sonar system. 
Using a robotic platform with a bio-inspired tracking scheme, the metamaterial sonar 
system demonstrated superior tracking performance over a similar sonar system 
without the metamaterials. 
 
6.3 Future work 
Upon the completion of this dissertation work, the following recommendations for 
future work are proposed. 
1. Broadband acoustic metamaterial cochlea. In this dissertation work, it was 
found that the gaps of the metamaterial receivers correspond to specific 
resonant frequencies. One advantage that the basilar membrane of the cochlea 
has is its possession of sensory cells throughout its structure for picking up the 
vibrations of the membrane. Unlike this complex structure, the metamaterial 
receiver developed in this work made use of a single microphone in one of its 
gaps. If microphone receivers can be placed in more gaps, the frequency 
bandwidth of the structure can be greatly increased. A robust signal 
processing scheme could be developed that could perform such tasks as the 




microphones, etc. Such a system would consider the phase shifts induced by 
the metamaterial medium in performing the signal processing. This would 
greatly increase the performance and functionality of the metamaterial 
receiver. 
2. Broadband, tunable metamaterial emitter. Using one sound source in the 
metamaterial emitter limits the bandwidth of the amplified emitted signals. 
This can be broadened by placing emitters in different gaps along the 
metamaterial emitter.  Research on this topic is currently being carried out by 
colleagues in our research group, where disk-like piezoelectric emitters are 
being investigated for their ability to perform this task. Furthermore, in this 
study, the size of the air gaps has been shown to have predictable effects on 
the metamaterial’s frequency response. This idea could be exploited to design 
a metamaterial emitter that is tunable by changing the gap size of the 
structure.  
3. Flexible acoustic metamaterial antenna. Adding more degrees of freedom 
to the metamaterial would enhance the usability of the device. As an earlier 
endeavor in this work, the feasibility of this idea was demonstrated, with 
promising applications in robotic sensing and echolocation tasks. A flexible 
metamaterial would relax pivoting constraints placed on the current sonar 
system so that the actuating servos could be arbitrarily placed or replaced by 
other actuation mechanisms. Such a system may be useful for weight 
distribution in smaller robotic platforms such as drones. To complete this 




determined so that bending losses are minimized. Such a metamaterial could 
be investigated for emission and reception functionalities. 
4. Robust bio-inspired echolocation. The echolocation scheme presented in 
this work was a proof-of-concept endeavor that demonstrated the capability of 
acoustic metamaterials to enhance sonar navigation and tracking. This could 
serve as a framework for investigating and realizing a more robust bio-
inspired echolocating robotic platform. In nature, echolocating animals such 
as bats typically use broadband chirp calls for navigation and foraging. Such a 
scheme enables a more comprehensive mapping of the environment due to the 
different response characteristics of the different frequencies. This idea can be 
incorporated using a broadband metamaterial emitter like that proposed in 
suggestion 2. Further, the metamaterial sonar system could be mounted on a 
3D mobile robot platform, such as a small drone. Such a scheme would 











Appendix A: MATLAB codes 
A1: Metamaterial analytical model - frequency  
 
%----Metamaterial Frequency Pressure Field---------- 
  
% %----Brief Description 
% This code plots the ref. index, pressure gain, and wavenumber as  













p=3.5*10^-3;              % periodicity in m 
g=0.5*10^-3;              % Gap size in m  
Z = 7.6*10^-2;              % Total MM length m 
w_0=1.5*10^-3;           % First plate dimension m 
w_L=8*10^-3;              % Last plate dimension m 
  
%------Physical parameters-------------- 
R_air=1.2;           % Density of air, unit kg*m^-3 
B_air=142*10^3;     % Bulk modulus of air (Adiabatic), unit Pa 
R_solid=1.19*10^3;        % Density of polymer, unit kg*m^-3 
B_solid=3*10^9;           % Bulk modulus of Solid Pa 




F = (p-g)/p;    % filling ratio of plates in air 
R_z =F*R_solid+(1-F)*R_air; % Density of acoustic metamaterial medium in z 
R_x = R_air*(1-1i*loss);    %Effective density of metamaterial using loss 
factor 
B = B_air*B_solid/((1-F)*B_solid+F*B_air); % Bulk modulus of acoustic 
metamaterial medium 
c_air =sqrt(B_air/R_air);   % Sound speed in air.  
c_eff = c_air*sqrt(1-1i*loss); % Effective sound speed using loss factor 
theta = atan(0.5*(w_L-w_0)/Z);  % Metamaterial slope angle 
  




f = 10000:10:40000; 
X = zeros(size(f));   
N_eff = zeros(size(f)); 
Y2 = zeros(size(f)); 




P = zeros(size(f)); 
K_eff = zeros(size(f)); 
  
  
for f = 10000:10:40000 
    lamda=c_air./f;     % the wavelength of sound wave 
    k_air = 2*pi/lamda;     % free space wave number of the sound wave 
     
    w_z = w_0+2.*z.*tan(theta); 
    n_eff = sqrt((R_air*B_air/(R_x*B))*(tan(f*pi.*w_z./c_eff).^2 +1)); 
    n_eff0= sqrt((R_air*B_air/(R_x*B))*(tan(f*pi.*w_0./c_eff).^2 +1)); 
     
     
    k_eff = (2*pi*f/c_air)*n_eff; 
    k_eff0 = (2*pi*f/c_air)*n_eff0; 
  
  
    % n_eff for integration until z 
    a=0:1*10^-5:z; 
    ww_z = w_0+2.*a.*tan(theta); 
    nn_eff = real( sqrt((R_air*B_air/(R_x*B))*(tan(f*pi.*ww_z./c_eff).^2 
+1))); 
  
    if imag(n_eff)>=0   
      p_amp =   ((2*pi*R_air*f)^0.5*(1-n_eff.^-
2)^0.25)./cos(atan(R_x*R_air^-1*(n_eff^2-1)^0.5)); 
      p0_amp =   ((2*pi*R_air*f)^0.5*(1-n_eff0.^-
2)^0.25)./cos(atan(R_x*R_air^-1*(n_eff0^2-1)^0.5)); 
       
       
      int_n = trapz(a, real(nn_eff)); 
  
       p = (p_amp/abs(p0_amp))*exp(1i*k_air*int_n); 
       n=n_eff; 
       k = k_eff; 
       k0= k_eff0; 
    else 
     p=0; 
     n=0; 
     k=0; 
    end 
  P(index)=abs(p); 
  X(index)= f; 
  N_eff(index) = n; 
   %K_eff(index) = k./k0; 
   K_eff(index) = real(k)./real(k0); 
  Y2(index) = n_eff0; 
  L(index) = w_z; 








plot(X,real(N_eff), 'b', 'linewidth',2) 
xlabel ('Frequency (Hz)') 
ylabel ('N_{eff}') 









plot(X,real(K_eff), 'r', 'linewidth',1) 
ylabel ('K_{eff}') 
xlabel ('Frequency (Hz)') 





plot(X,real(P), 'k', 'linewidth',1) 
ylabel ('Normalized Pressure') 
xlabel ('Frequency (Hz)') 








A2: Metamaterial analytical model - spatial 
 
%----Metamaterial Spatial Pressure Field---------- 
  
% %----Brief Description 
% This code plots the ref. index, pressure gain, and wavenumber as a 














p=3.5*10^-3;              % periodiciy in m 
g=0.5*10^-3;              % Gap size in m  
Z = 7.6*10^-2;              % Total MM length m 
w_0=1.5*10^-3;           % First plate dimension m 
w_L=8*10^-3;              % Last plate dimension m 
  
%------Physical parameters-------------- 
R_air=1.2;           % Density of air, unit kg*m^-3 
B_air=142*10^3;     % Bulk modulus of air (Adiabatic), unit Pa 
R_solid=1.19*10^3;        % Density of polymer, unit kg*m^-3 
B_solid=3*10^9;           % Bulk modulus of Solid Pa 




F = (p-g)/p;    % filling ratio of plates in air 
R_z =F*R_solid+(1-F)*R_air; % Density of acoustic metamaterial 
medium in z 
R_x = R_air*(1-1i*loss);                        %Effective density 
of metamaterial using loss factor 
B = B_air*B_solid/((1-F)*B_solid+F*B_air); % Bulk modulus of 
acoustic metamaterial medium 
c_air =sqrt(B_air/R_air);   % Sound speed in air.  
c_eff = c_air*sqrt(1-1i*loss); % Effective sound speed using loss 
factor 
lamda=c_air./f;     % the wavelength of sound wave 
k_air = 2*pi/lamda;     % free space wave number of the sound wave 
theta = atan(0.5*(w_L-w_0)/Z);  % Metamaterial slope angle 








N_eff = zeros(size(z)); 
Y2 = zeros(size(z)); 
L = zeros(size(z)); 
P = zeros(size(z)); 




    w_z = w_0+2.*z.*tan(theta); 
    n_eff = sqrt((R_air*B_air/(R_x*B))*(tan(f*pi.*w_z./c_eff).^2 
+1)); 
    n_eff0= sqrt((R_air*B_air/(R_x*B))*(tan(f*pi.*w_0./c_eff).^2 
+1)); 
     
     
    k_eff = (2*pi*f/c_air)*n_eff; 
    k_eff0 = (2*pi*f/c_air)*n_eff0; 
  
  
    % n_eff for integration until z 
    a=0:1*10^-5:z; 
    ww_z = w_0+2.*a.*tan(theta); 
    nn_eff = real( 
sqrt((R_air*B_air/(R_x*B))*(tan(f*pi.*ww_z./c_eff).^2 +1))); 
  
    if imag(n_eff)>=0   
      p_amp =   ((2*pi*R_air*f)^0.5*(1-n_eff.^-
2)^0.25)./cos(atan(R_x*R_air^-1*(n_eff^2-1)^0.5)); 
      p0_amp =   ((2*pi*R_air*f)^0.5*(1-n_eff0.^-
2)^0.25)./cos(atan(R_x*R_air^-1*(n_eff0^2-1)^0.5)); 
       
       
      int_n = trapz(a, real(nn_eff)); 
  
       p = (p_amp/abs(p0_amp))*exp(1i*k_air*int_n); 
       n=n_eff; 
       k = k_eff; 
       k0= k_eff0; 
    else 
     p=0; 
     n=0; 
     k=0; 
    end 
  P(index)=real(p); 
  X(index)= z; 
  N_eff(index) = n; 
   K_eff(index) = real(k)./real(k0); 
  Y2(index) = n_eff0; 
  L(index) = w_z; 











plot(1000.*X,real(N_eff), 'b', 'linewidth',2) 
xlabel ('z (mm)') 
ylabel ('N_{eff}') 




plot(1000.*X,real(P), 'k', 'linewidth',1) 
ylabel ('Normalized Pressure') 
xlabel ('z (mm)') 




plot(1000.*X,real(K_eff), 'r', 'linewidth',1) 
ylabel ('K_{eff}') 
xlabel ('z (mm)') 









A3: Cochlea analytical model- dispersion plotter 
 
%----- Calculate dispersion of BM in the frequency 
  
%   Brief description 
  
% This code plots the dispersion of the basement membrane if the 
cochlea 
  




S0=10.^7; % Unit gs^(-2) mm^(-2); the stiffness coefficient 
d0=5;              % Unit mm; the characteristic length 5mm 
Z= 15;             % Position unit mm, z= 15mm, 10mm, 7mm, 5mm is 
used 
R=2.0;             % Damping along the BM, in gs^-1 mm^(-2) 
M=1.5.*10.^-3;     % Effective mass per unit area of the BM in 
g/mm^2 
roh= 1.0.*10.^-3;  % Fluid density (water), in  g/mm^3 




f=[0:10:20000];  % Frequency Hz 
S=S0.*exp(-Z./d0); % Stiffness distribution along the propagation 
direction 
Omega=2.*pi.*f;    % Angular frequency 
Y_bm0=(i.*Omega)./(S0+(i.*Omega.*R)-(Omega.^2.*M)); % Wave 
admittance at z=0 position (start point) 
K0=sqrt((-2.*i.*Omega.*roh).*Y_bm0./h);             % Wavenumber at 
z=0 position (start point) 
Y_bm=(i.*Omega)./(S+(i.*Omega.*R)-(Omega.^2.*M));  % Admittance 
K=sqrt((-2.*i.*Omega.*roh).*Y_bm./h);              % Wavenumber unit 
mm^-1 
Neff=K./K0;                                        % Effective index 













          




A4: Cochlea analytical model- spatial 
% ====MAMALIAN COCHLEA SPATIAL CALAULATIONS ================= 
  
%-----Brief description---- 
% This code will plot the normalized displacement and wave vectors 
for a 








%==== Frequency ==== 





S0=10.^7;          % Unit gs^(-2) mm^(-2); the stiffness coefficient 
d0=5;              % Unit mm; the characteristic length 5mm 
Z= 15;             % Position unit mm, z= 15mm, 10mm, 7mm, 5mm is 
used 
R=2.0;             % Damping along the BM, in gs^-1 mm^(-2) 
M=1.5.*10.^-3;     % Effective mass per unit area of the BM in 
g/mm^2 
roh= 1.0.*10.^-3;  % Fluid density (water), in  g/mm^3 
h=1;               % the coefficient (height of the BM cavity), in 
mm 




%=== Normalized Displacement calculations=========== 
  
  
Y_bm0=(i.*Omega)./(S0+(i.*Omega.*R)-(Omega.^2.*M)); % Wave 
admittance at z=0 position (start point)  
K0=sqrt((-2.*i.*Omega.*roh).*Y_bm0./h);             % Wavenumber at 
z=0 position (start point) 
Disp0=abs(K0.^(3/2));     % The displacement at the z=0 point, 
Disp0=K0.^(3/2) 
  
m=1; %  Data Index 
  
for z=0.1:0.05:35      % propagation direction z, in mm 
    a=0:0.05:z;        % Integration range 








integ=trapz(a,K);                      
Disp=K(end).^(3/2).*exp(-i.*integ);    % Displacement of the 
membrane 
Disp_norm=Disp./Disp0;                  % Displacement of the 
membrane normalized to  
                                        %the displacement at the z=0 
point 
X(m)=z; 













%=== Normalized Wave vector calculations=========== 
  
Y_bm0=(i.*Omega)./(S0+(i.*Omega.*R)-(Omega.^2.*M)); % Wave 
admittance at z=0 position (start point) 
K0=sqrt((-2.*i.*Omega.*roh).*Y_bm0./h);             % Wavenumber at 
z=0 position (start point) 
Z=[0:0.1:35];          % propagation direction z, in mm 




Neff=K./K0;            % Normalized wavevector (Effective index of 
the cochlea) 
Y1=real(Neff);         % Real part of admittance 





plot(Z,Y1,'r', 'linewidth',1);  
xlabel('Distance (mm)') 
ylabel('K_Norm') 
title(sprintf('Bio Cochlea Wave vector at %d Hz', f)) 
  
          






A5:  Sonar target size plotter 
%----------Target Size Experiments Plotter---------------- 
clear all; close all; clc; 
%-----Code procedure: 
% Acquire data 
% Properly crop pulse echo data 
% Remove DC offset 
% FFT 
% Find energy 
% Save for every trial, and average 3 trials for each distance 
  
%================================ 
folder = 'F:\OneDrive\Flies!\School Work\SAL\Data\Week of May 13 
2019 Experiments\Target size experiments v2\With MM\';     %With MM 
file path 
folder2 = 'F:\OneDrive\Flies!\School Work\SAL\Data\Week of May 13 
2019 Experiments\Target size experiments v2\Without MM\';  %Without 




Fs = 1000000;          % Sampling frequency   1M from LabVIEW code                  
T = 1/Fs;             % Sampling period        
L = 4000;             % Length of signal chosen for analysis;  
t = (0:L-1)*T;        % Time vector 
  
freq_a = 5000;     %Enter cropped frequency range (Lower bound): 250 
Hz – 100 kHz at 250 Hz multiples 
freq_b = 60000;     %Enter cropped frequency range (Upper bound): 
250 Hz – 100 kHz at 250Hz multiples 
  
fl = (freq_a/250)+1;                %cropped freq range- lower 
bound; 81 = 20kHz;  93 = 23kHz 
fu = (freq_b/250)+1;               %cropped freq range- lower bound;  
121 = 30kHz; 109 = 27kHz   
          
  
  
%====== Containers==========    
  
MMecho = zeros(14,1);   %to hold With MM energy data  
Refecho = zeros(14,1);  % to hold Ref ene data 
  
MMPower_raw=zeros(221,14);  %to store the raw power spectral data 
RefPower_raw=zeros(221,14);%to store the raw power spectral data 
  
Noise_MMPower_raw=zeros(221,14);%to store the raw power spectral 
data 








Noise_MM_echo = zeros(14,1);    %to hold With MM noise floor energy 
data  
Noise_Ref_echo = zeros(14,1);   %to hold Ref noise floor energy data  
  
%Pipe = zeros(10,1); 
Pipes = [400 164 114.6 89 60.6 33.5 27 19.1 15.85 12.5 9.5 6.35 2.4 
1.3]; 
Pipes2 = uint8([400 164 114.6 89 60.6 33.5 27 19.1 15.85 12.5 9.5 
6.35 2.4 1.3]); 
  
  





for i = 1:14 
  
subplot(2, 7, i) 
  
 pipe = i-2; 
echo_start =13000;   % MM echo starts at 14000pts -Distance is 
55.5cm 
echo_start2 =13000;   % Noise floor echo is same as pipe echo window 
  
echo_end = echo_start + 3999; 
echo_end2 = echo_start2 + 3999; 
  
  
%% Import data from text file. 
  
for j = 1:3 
 subfolder2 = [num2str(j)];    




delimiter = {''}; 
startRow = echo_start; 
endRow = echo_end; 
  
  
formatSpec = '%f%[^\n\r]'; 
  
%% Open the text file. 
fileID = fopen(filename,'r'); 
  
dataArray = textscan(fileID, formatSpec, endRow-startRow+1, 
'Delimiter', delimiter, 'TextType', 'string', 'HeaderLines', 
startRow-1, 'ReturnOnError', false, 'EndOfLine', '\r\n'); 
  
%% Close the text file. 
fclose(fileID); 
  
Deg = [dataArray{1:end-1}]; 




clearvars filename delimiter startRow endRow formatSpec fileID 
dataArray ans; 
  
%========End of Import file=================== 
meanDeg = mean(Deg); 
Deg2=Deg-meanDeg;   % Remove DC offset 
  
%>>>>>>>>>>>>>....PLOT TIME DOMAIN DATA.....<<<<<<<<<<<<<<<<<<<< 
if j==1 
    plot(Deg2,'Displayname','with MM', 'linewidth',1, 'Color', [0 0 
1], 'LineStyle','-',... 
    'Displayname', 'With MM');   %<<<<<<<<<<<<<<<<<PLOT 
    hold on 
end 
%====Compute the FFT and Power ====== 
Y = fft(Deg2); 
P2 = abs(Y/L); 
P1 = P2(1:L/2+1); 
P1(2:end-1) = 2*P1(2:end-1); 
Power = P1.^2; 
  
%==== Crop the frequency range (20K-30K)=========== 
f = Fs*(0:(L/2))/L;         %original freq range 
f2 = f(fl:fu)';             
Power2=zeros(size(f2)); 
  
%===Box for storing all power trials==== 




    Power2(k)=Power(k+fl);  %cropped power- from lower freq bound to 
fl to fu  
end 




%=== Get the average of the 3 Power vs freq. data 
  
Ptot_avg = zeros(size(f2)); 
for k=1:ss(1) 
    Ptot_avg(k,1)=(Ptot(k,1)+Ptot(k,2)+Ptot(k,3))/3; 
end 
  
%========== Calculate the energy ============ 
ene = trapz(f2, Ptot_avg);   % Area under FFT^2 graph = energy - 
Parseval's theorem  
  
%======== Populate the MM echo vector============ 









% @@@-----Noise floor per target-------@@@ 
  
%% Import data from text file. 
  
for m = 1:3 
 subfolder2 = [num2str(m)];    
subfolder = [num2str(pipe)]; 





delimiter = {''}; 
startRow = echo_start2; 
endRow = echo_end2; 
  
  
formatSpec = '%f%[^\n\r]'; 
  
%% Open the text file. 
fileID = fopen(filename,'r'); 
  
dataArray = textscan(fileID, formatSpec, endRow-startRow+1, 
'Delimiter', delimiter, 'TextType', 'string', 'HeaderLines', 
startRow-1, 'ReturnOnError', false, 'EndOfLine', '\r\n'); 
  
%% Close the text file. 
fclose(fileID); 
  
Deg = [dataArray{1:end-1}]; 
%% Clear temporary variables 
clearvars filename delimiter startRow endRow formatSpec fileID 
dataArray ans; 
  
%========End of Import file=================== 
meanDeg = mean(Deg); 
Deg2=Deg-meanDeg;   % Remove DC offset 
  
  
%====Compute the FFT and Power ====== 
Y = fft(Deg2); 
P2 = abs(Y/L); 
P1 = P2(1:L/2+1); 
P1(2:end-1) = 2*P1(2:end-1); 
Power = P1.^2; 
  
%==== Crop the frequency range =========== 
f = Fs*(0:(L/2))/L;         %original freq range 




    Power2(k)=Power(k+fl);  %cropped power  
end 








%=== Get the average of the 3 Power vs freq. data 
  
Ptot2_avg = zeros(size(f2)); 
for k=1:ss(1) 
    Ptot2_avg(k,1)=(Ptot2(k,1)+Ptot2(k,2)+Ptot2(k,3))/3; 
end 
  
%========== Calculate the energy ============ 
ene2 = trapz(f2, Ptot2_avg);   % Area under FFT^2 graph = energy - 
Parseval's theorem  
  
%======== Populate the MM Noise echo vector============ 
















 pipe = i-2; 
echo_start =13000;   % MM echo starts at 14000pts -Distance is 
55.5cm 
echo_end = echo_start + 3999; 
  
%% Import data from text file. 
  
for j = 1:3 
 subfolder2 = [num2str(j)];    




delimiter = {''}; 
startRow = echo_start; 
endRow = echo_end; 
  
  
formatSpec = '%f%[^\n\r]'; 
  
%% Open the text file. 





dataArray = textscan(fileID, formatSpec, endRow-startRow+1, 
'Delimiter', delimiter, 'TextType', 'string', 'HeaderLines', 
startRow-1, 'ReturnOnError', false, 'EndOfLine', '\r\n'); 
  
%% Close the text file. 
fclose(fileID); 
  
Deg = [dataArray{1:end-1}]; 
%% Clear temporary variables 
clearvars filename delimiter startRow endRow formatSpec fileID 
dataArray ans; 
  
%========End of Import file=================== 
meanDeg = mean(Deg); 




    plot(Deg2, 'Displayname','No MM','linewidth',1, 'Color', [1 0 
0], 'LineStyle','-',... 
    'Displayname', 'No MM') 
    %hold on 
end 
  
%====Compute the FFT and Power ====== 
Y = fft(Deg2); 
P2 = abs(Y/L); 
P1 = P2(1:L/2+1); 
P1(2:end-1) = 2*P1(2:end-1); 
Power = P1.^2; 
  
%==== Crop the frequency range (20K-30K)=========== 
f = Fs*(0:(L/2))/L;         %original freq range 
f2 = f(fl:fu)';             
Power2=zeros(size(f2)); 
  
%===Box for storing all power trials==== 





    Power2(k)=Power(k+fl);  %cropped power  
end 





%=== Get the average of the 3 Power vs freq. data 
  
Ptot_avg = zeros(size(f2)); 
for k=1:ss(1) 
    Ptot_avg(k,1)=(Ptot(k,1)+Ptot(k,2)+Ptot(k,3))/3; 
end 




ene = trapz(f2, Ptot_avg);   % Area under FFT^2 graph = energy - 
Parseval's theorem  
  
  
%======== Populate the MM echo vector============ 





% @@@-----Noise floor per target-------@@@ 
  
%% Import data from text file. 
  
for m = 1:3 
 subfolder2 = [num2str(m)];    
subfolder = [num2str(pipe)]; 





delimiter = {''}; 
startRow = echo_start2; 
endRow = echo_end2; 
  
  
formatSpec = '%f%[^\n\r]'; 
  
%% Open the text file. 
fileID = fopen(filename,'r'); 
  
dataArray = textscan(fileID, formatSpec, endRow-startRow+1, 
'Delimiter', delimiter, 'TextType', 'string', 'HeaderLines', 
startRow-1, 'ReturnOnError', false, 'EndOfLine', '\r\n'); 
  
%% Close the text file. 
fclose(fileID); 
  
Deg = [dataArray{1:end-1}]; 
%% Clear temporary variables 
clearvars filename delimiter startRow endRow formatSpec fileID 
dataArray ans; 
  
%========End of Import file=================== 
meanDeg = mean(Deg); 
Deg2=Deg-meanDeg;   % Remove DC offset 
  
if j==m 
    %plot(Deg2, 'Displayname','no T');   %<<<<<<<<<<<<<<<<<PLOT 
    xlabel('Time (us)') 
    ylabel('Amplitude (v)') 
    name3 = sprintf('%d mm target', Pipes2(i)); 
    title(name3); 
    axis([100 3500 -0.2 0.2]) 









%====Compute the FFT and Power ====== 
Y = fft(Deg2); 
P2 = abs(Y/L); 
P1 = P2(1:L/2+1); 
P1(2:end-1) = 2*P1(2:end-1); 
Power = P1.^2; 
  
%==== Crop the frequency range =========== 
f = Fs*(0:(L/2))/L;         %original freq range 




    Power2(k)=Power(k+fl);  %cropped power  
end 





%=== Get the average of the 3 Power vs freq. data 
  
Ptot2_avg = zeros(size(f2)); 
for k=1:ss(1) 
    Ptot2_avg(k,1)=(Ptot2(k,1)+Ptot2(k,2)+Ptot2(k,3))/3; 
end 
  
%========== Calculate the energy ============ 
ene2 = trapz(f2, Ptot2_avg);   % Area under FFT^2 graph = energy - 




%======== Populate the MM Noise echo vector============ 














MMnorm = MMecho./Noise_MM_echo;       %Normalized MM data 














plot(Pipes, MMnorm, 'linewidth',1, 'Color', [0 0 1], 'LineStyle','-
',... 
    'Marker','s', 'MarkerFaceColor',[1 0 0],'Displayname', 'With 
MM') 
hold on 
plot(Pipes, Refnorm, 'linewidth',1, 'Color', [0 0 0], 'LineStyle','-
',... 
    'Marker','s', 'MarkerFaceColor',[0.24705882370472 
0.24705882370472 0.24705882370472], 'Displayname', 'Without MM') 
plot(Pipes, Noise_floor,'linewidth',3, 'Color', [0 0 1], 
'LineStyle',':', 'Displayname', 'Noise floor') 
  
set(gca, 'YScale', 'log') 
grid on 
  
xlabel('Target diameter (mm) ') 
ylabel('Energy SNR') 




hold  off 
figure (3) 
  
plot(Pipes, MMecho, 'linewidth',1, 'Color', [0 0 1], 'LineStyle','-
',... 
    'Marker','s', 'MarkerFaceColor',[1 0 0],'Displayname', 'With 
MM') 
hold on 
plot(Pipes, Refecho, 'linewidth',1, 'Color', [0 0 0], 'LineStyle','-
',... 
    'Marker','s', 'MarkerFaceColor',[0.24705882370472 
0.24705882370472 0.24705882370472], 'Displayname', 'Without MM') 
plot(Pipes, Noise_MM_echo,'linewidth',3, 'Color', [0 0 1], 
'LineStyle',':', 'Displayname', 'MM Noise floor') 
plot(Pipes, Noise_Ref_echo,'linewidth',3, 'Color', [0 0 0], 
'LineStyle',':', 'Displayname', 'No MM Noise floor') 
  
set(gca, 'YScale', 'log') 
grid on 
  
xlabel('Target diameter (mm) ') 
ylabel('Amplitude (J)') 







%===Power plot analysis========== 
  
 %====With MM: Select 2 points for analysis==== 
a = 1;   
b = 2; 
% ===Without MM: 2 points as well==== 
c = 1; 




for i = 1:14 
subplot(2,7,i) 
 name = sprintf('MM'); 
 name2 = sprintf('MM Noise'); 
  
 plot(f2,MMPower_raw(:,i), 'linewidth',2, 'Color', [0 0 1], 
'Displayname',name) 
hold on 
plot(f2,Noise_MMPower_raw(:,i),'linewidth',2, 'Color', [0 1 0], 
'Displayname',name2) 
  
set(gca, 'YScale', 'log') 
xlabel('Frequency (Hz) ') 
ylabel('Amplitude (W)') 












 name = sprintf('No MM'); 
 name2 = sprintf('No MM Noise'); 
  
 plot(f2,RefPower_raw(:,i),'linewidth',2, 'Color', [0 0 1], 
'Displayname',name) 
hold on 
plot(f2,Noise_RefPower_raw(:,i),'linewidth',2, 'Color', [0 1 0], 
'Displayname',name2) 
  
set(gca, 'YScale', 'log') 
xlabel('Frequency (Hz) ') 
ylabel('Amplitude (W)') 
name3 = sprintf('No MM %d mm', Pipes(i)); 
title(name3); 
legend 







A6: Sonar echolocation range plotter 




clear all; close all; clc; 
%-----Code procedure: 
% Acquire data 
% Properly crop pulse echo data 
% Remove DC offset 
% FFT 
% Find energy 
% Save for every trial, and average 3 trials for each distance 
  
%================================ 
folder = 'F:\OneDrive\Flies!\School Work\SAL\Data\Week of March 18 
2019 Experiments\Pipe Distance Experiments\With MM\';     %With MM 
file path 
folder2 = 'F:\OneDrive\Flies!\School Work\SAL\Data\Week of March 18 
2019 Experiments\Pipe Distance Experiments\Without MM\';  %Without 




Fs = 1000000;          % Sampling frequency   1M from LabVIEW code                  
T = 1/Fs;             % Sampling period        
L = 4000;             % Length of signal chosen for analysis;  
t = (0:L-1)*T;        % Time vector 
  
  
freq_a = 5000;     %Enter cropped frequency range (Lower bound): 
250Hz - 100kHz at 250Hz multiples 
freq_b = 60000;     %Enter cropped frequency range (Upper bound): 
250Hz - 100kHz at 250Hz multiples 
  
fl = (freq_a/250)+1;                %cropped freq range- lower 
bound; 81 = 20kHz;  93 = 23kHz 
fu = (freq_b/250)+1;               %cropped freq range- lower bound;  
121 = 30kHz; 109 = 27kHz   
  
%====== Containers========== 
ene=zeros(3,1);       %to hold the calculated energies for each 
trial 
ene2=zeros(5,1);      %to hold the calculated noise floor energies 
for each trial     
  
MMecho = zeros(25,1);   %to hold With MM energy data  
Refecho = zeros(10,1);  % to hold Ref ene data 
  
Noise_MM_echo = zeros(25,1);    %to hold With MM noise floor energy 
data  





distance = zeros(25,1); 
distance2 = zeros(10,1); 
  
%==========WITH METAMATERIAL CALCULATIONS======================== 
  
for i = 1:25 
  




if i <=8 
 dist = step1*i; 
else 
    dist =step1*8 + 50*(i-8); 
end 
  
echo_start = round(dist*2*10000/340)+10000; 
echo_end = echo_start + 3999; 
  
%% Import data from text file. 
%  
for j = 1:3 
 subfolder2 = [num2str(j)];    




delimiter = {''}; 
startRow = echo_start; 
endRow = echo_end; 
  
  
formatSpec = '%f%[^\n\r]'; 
  
%% Open the text file. 
fileID = fopen(filename,'r'); 
  
dataArray = textscan(fileID, formatSpec, endRow-startRow+1, 
'Delimiter', delimiter, 'TextType', 'string', 'HeaderLines', 
startRow-1, 'ReturnOnError', false, 'EndOfLine', '\r\n'); 
  
%% Close the text file. 
fclose(fileID); 
  
Deg = [dataArray{1:end-1}]; 
%% Clear temporary variables 
clearvars filename delimiter startRow endRow formatSpec fileID 
dataArray ans; 
  
%========End of Import file=================== 
meanDeg = mean(Deg); 
Deg2=Deg-meanDeg;   % Remove DC offset 
  
%====Compute the FFT and Power ====== 




P2 = abs(Y/L); 
P1 = P2(1:L/2+1); 
P1(2:end-1) = 2*P1(2:end-1); 
Power = P1.^2; 
  
%==== Crop the frequency range (specified lower and upper bound 
ranges)=========== 
f = Fs*(0:(L/2))/L;         %original freq range 




    Power2(k)=Power(k+80);  %cropped power  
end 
  
%========== Calculate the energy ============ 
ene(j,1) = trapz(f2, Power2);   % Area under FFT^2 graph = energy - 




%======== Populate the echo vector============ 
MMecho (i,1) = mean(ene); 
distance(i,1) = dist; 
  
end 
%======Clear reusable variables============= 





for i = 1:10 
  




if i <=8 
 dist = step1*i; 
else 
    dist =step1*8 + 50*(i-8); 
end 
  
echo_start = round(dist*2*10000/340)+10000; 
echo_end = echo_start + 3999; 
  
%% Import data from text file. 
%  
% Auto-generated by MATLAB on 2019/03/25 03:50:51 
for j = 1:3 
 subfolder2 = [num2str(j)];    







delimiter = {''}; 
startRow = echo_start; 
endRow = echo_end; 
  
  
formatSpec = '%f%[^\n\r]'; 
  
%% Open the text file. 
fileID = fopen(filename,'r'); 
  
dataArray = textscan(fileID, formatSpec, endRow-startRow+1, 
'Delimiter', delimiter, 'TextType', 'string', 'HeaderLines', 
startRow-1, 'ReturnOnError', false, 'EndOfLine', '\r\n'); 
  
%% Close the text file. 
fclose(fileID); 
  
Deg = [dataArray{1:end-1}]; 
%% Clear temporary variables 
clearvars filename delimiter startRow endRow formatSpec fileID 
dataArray ans; 
  
%========end of Import file=================== 
meanDeg2 = mean(Deg); 
Deg2=Deg-meanDeg2;   % Remove DC offset 
  
%====Compute the FFT and Power ====== 
Y = fft(Deg2); 
P2 = abs(Y/L); 
P1 = P2(1:L/2+1); 
P1(2:end-1) = 2*P1(2:end-1); 
Power = P1.^2; 
  
%==== Crop the frequency range (20K-30K)=========== 
f = Fs*(0:(L/2))/L;         %original freq range 





    Power2(k)=Power(k+80);  %cropped power  
end 
  
%========== Calculate the energy ============ 
ene(j,1) = trapz(f2, Power2);   % Area under FFT^2 graph = energy - 




%======== Populate the echo vector============ 
Refecho (i,1) = mean(ene); 

















for i = 1:25 
  




if i <=8 
 dist = step1*i; 
else 
    dist =step1*8 + 50*(i-8); 
end 
  
echo_start = 1000;            %Echo window is far beyond the signals 
echo_end = echo_start + 3999; 
  
%% Import data from text file. 
for j = 1:3 
 subfolder2 = [num2str(j)];    




delimiter = {''}; 
startRow = echo_start; 
endRow = echo_end; 
  
  
formatSpec = '%f%[^\n\r]'; 
  
%% Open the text file. 
fileID = fopen(filename,'r'); 
  
dataArray = textscan(fileID, formatSpec, endRow-startRow+1, 
'Delimiter', delimiter, 'TextType', 'string', 'HeaderLines', 
startRow-1, 'ReturnOnError', false, 'EndOfLine', '\r\n'); 
  
%% Close the text file. 
fclose(fileID); 
  
Deg = [dataArray{1:end-1}]; 
%% Clear temporary variables 
clearvars filename delimiter startRow endRow formatSpec fileID 
dataArray ans; 
  
%========End of Import file=================== 




Deg2=Deg-meanDeg;   % Remove DC offset 
  
%====Compute the FFT and Power ====== 
Y = fft(Deg2); 
P2 = abs(Y/L); 
P1 = P2(1:L/2+1); 
P1(2:end-1) = 2*P1(2:end-1); 
Power = P1.^2; 
  
%==== Crop the frequency range (20K-30K)=========== 
f = Fs*(0:(L/2))/L;         %original freq range 




    Power2(k)=Power(k+80);  %cropped power  
end 
  
%========== Calculate the energy ============ 
ene(j,1) = trapz(f2, Power2);   % Area under FFT^2 graph = energy - 




%======== Populate the echo vector============ 
Noise_MM_echo (i,1) = mean(ene); 




Noise_MM_echo2 = ones(size(Noise_MM_echo)); 
Noise_MM_echo2=mean(Noise_MM_echo).*Noise_MM_echo2; 
  
%======Clear reusable variables============= 
clearvars Deg Deg2 i j k dist ene 
  
%===============Noise Without MM calculations======================= 
  
for i = 1:10 
  




if i <=8 
 dist = step1*i; 
else 
    dist =step1*8 + 50*(i-8); 
end 
  
echo_start = 95000; 
echo_end = echo_start + 3999; 
  
%% Import data from text file. 
  




 subfolder2 = [num2str(j)];    




delimiter = {''}; 
startRow = echo_start; 
endRow = echo_end; 
  
formatSpec = '%f%[^\n\r]'; 
  
%% Open the text file. 
fileID = fopen(filename,'r'); 
  
dataArray = textscan(fileID, formatSpec, endRow-startRow+1, 
'Delimiter', delimiter, 'TextType', 'string', 'HeaderLines', 
startRow-1, 'ReturnOnError', false, 'EndOfLine', '\r\n'); 
  
%% Close the text file. 
fclose(fileID); 
  
Deg = [dataArray{1:end-1}]; 
%% Clear temporary variables 
clearvars filename delimiter startRow endRow formatSpec fileID 
dataArray ans; 
  
%========end of Import file=================== 
meanDeg2 = mean(Deg); 
Deg2=Deg-meanDeg2;   % Remove DC offset 
  
%====Compute the FFT and Power ====== 
Y = fft(Deg2); 
P2 = abs(Y/L); 
P1 = P2(1:L/2+1); 
P1(2:end-1) = 2*P1(2:end-1); 
Power = P1.^2; 
  
%==== Crop the frequency range (20K-30K)=========== 
f = Fs*(0:(L/2))/L;         %original freq range 





    Power2(k)=Power(k+80);  %cropped power  
end 
  
%========== Calculate the energy ============ 
ene(j,1) = trapz(f2, Power2);   % Area under FFT^2 graph = energy - 




%======== Populate the echo vector============ 
Noise_Ref_echo (i,1) = mean(ene); 
















plot(distance, MMecho, 'linewidth',1, 'Color', [0 0 1], 
'LineStyle','-',... 
    'Marker','o', 'MarkerFaceColor',[1 0 0],'Displayname', 'With 
MM') 
hold on 
plot(distance2, Refecho, 'linewidth',1, 'Color', [0 0 0], 
'LineStyle','-',... 
    'Marker','o', 'MarkerFaceColor',[0.24705882370472 
0.24705882370472 0.24705882370472], 'Displayname', 'Without MM') 
plot(distance, Noise_MM_echo2,'linewidth',3, 'Color', [0 0 1], 
'LineStyle',':', 'Displayname', 'MM Noise floor') 
plot(distance2, Noise_Ref_echo2,'linewidth',3, 'Color', [0 0 0], 
'LineStyle',':', 'Displayname', 'No MM Noise floor') 
  
set(gca, 'YScale', 'log') 
grid on 
  
xlabel('Distance (cm) ') 
ylabel('Amplitude (J)') 







A7: Microphone calibration plotter 
%%MICROPHONE SENSITIVITY PLIOTTER 
  
%This code will calculate and plot the sensitivity data for a given 
mic 
%based on a given Reference Mic. 
  
%Procedure: 
% Insert the microphone data in the Calibration Data excel 
spreadsheet 
% referenced in the code 






%% Import B&K Calibration data 
[~, ~, raw] = xlsread('F:\OneDrive\Flies!\School Work\SAL\Sensors & 
Transducers\Microphones\Mic Calibration Plotter\Combined Calibration 
Data.xlsx','Sheet1','A2:B201'); %  
                                                                                                                                                                 
raw(cellfun(@(x) ~isempty(x) && isnumeric(x) && isnan(x),raw)) = 
{''}; 
  
%% Exclude rows with non-numeric cells 
I = ~all(cellfun(@(x) (isnumeric(x) || islogical(x)) && 
~isnan(x),raw),2); % Find rows with non-numeric cells 
raw(I,:) = []; 
  
%% Create output variable 
data = reshape([raw{:}],size(raw)); 
  
%% Allocate imported array to column variable names 
Frequency_Cal = data(:,1); 
BK_SensitivitydB_Cal = data(:,2); 
  
%% Clear temporary variables 
clearvars data raw I; 
  
%============================= 
%% Import the Subject Microphone data 
[~, ~, raw] = xlsread('F:\OneDrive\Flies!\School Work\SAL\Sensors & 
Transducers\Microphones\Mic Calibration Plotter\Combined Calibration 
Data.xlsx','Sheet1','C3:E201'); % NOTE: Adjust the last number as 
needed to ensure that this scope covers the max frequency in the 
spreadsheet.  
  






%% Exclude rows with non-numeric cells 
I = ~all(cellfun(@(x) (isnumeric(x) || islogical(x)) && 
~isnan(x),raw),2); % Find rows with non-numeric cells 
raw(I,:) = []; 
  
%% Create output variable 
data = reshape([raw{:}],size(raw)); 
  
%% Allocate imported array to column variable names 
FrequencyHzCh1 = data(:,1); 
Optical_Mic_Voltage = data(:,2); 
BK_Voltage = data(:,3); 
  
%% Clear temporary variables 





BKSensAtFreq = zeros(size(BK_SensitivitydB_Cal)); % Handle to 
interpolate the frequency data from the B&K sensitivity data 
Pressure = zeros(size(BK_SensitivitydB_Cal));     % Handle for the 
calculated actual SPL = B&K voltage reading / B&K sensitivity at 
that particular freq. 
OptMicSens = zeros(size(Optical_Mic_Voltage));   % Handle to 
calculate the sensitivity of the Optical mic from Opt. mic measured 
voltage /actual pressure  
for m = 1:size(Optical_Mic_Voltage) 
    BKSensAtFreq(m,1) = interp1(Frequency_Cal,BK_SensitivitydB_Cal, 
FrequencyHzCh1(m,1)); % Interpolate the Reference Mic's sensitivity 
at each experimental frequency 
end 
for n = 1:size(Optical_Mic_Voltage) 
    Pressure(n,1) = BK_Voltage(n,1)/((4.3*10^-
3)*10^(BKSensAtFreq(n,1)/20));  % SPL = V_BK/Sensitivity; 
Sensitivity (V/Pa) = 10^((dB/20)) since sensitivity data is in dB 
V/Pa. 
                                                                                
% Note: the (4.3*10^-3) is as a result of the fact that the 
reference sensitivity of the B&K is 4.3mv/Pa. 
                                                                                
% That is, 0dB is a refence sensitivity corresponding to 4.30mV/Pa 
for this 4939 ultrasonic B&K mic. See B&K calibration doc. 
end 
for p = 1:size(Optical_Mic_Voltage) 




plot(FrequencyHzCh1, OptMicSens,'b', 'linewidth', 2) 
xlabel('Frequency (Hz)'); 
ylabel ('Sensitivity (V/Pa)'); 
grid on 





Appendix B: LabVIEW code 












Appendix C: Calibration data 





C2: Optical microphone sensitivity calculator 
This calibration data is using the actuator response data from the 4939 B&K calibration 
datasheet.  
Note: 0dB is referenced to 4.3mv/Pa @ 250 Hz 
 
BK_SensitivitydB_Cal Frequency [Hz]  Optical_Mic_Voltage BK_Voltage 
-0.270186805 200 2.36E-04 7.80E-03 
-0.261704913 400 2.60E-02 3.64E-01 
-0.250963667 600 3.77E-02 3.80E-01 
-0.216457503 800 8.73E-02 7.96E-01 
-0.200878081 1000 1.53E-01 1.30E+00 
-0.15421862 1200 1.90E-01 1.58E+00 
-0.113364969 1400 1.98E-01 1.64E+00 
-0.054987397 1600 1.39E-01 1.12E+00 
-0.048977837 1800 1.52E-01 1.17E+00 
-0.041054305 2000 2.02E-01 1.58E+00 
-0.058144813 2200 2.41E-01 1.92E+00 
0 2400 2.76E-01 2.40E+00 
0 2600 2.99E-01 2.50E+00 
0 2800 5.49E-01 4.49E+00 
0 3000 6.81E-01 5.84E+00 
0 3200 6.34E-01 5.57E+00 
0 3400 6.49E-01 5.88E+00 
0 3600 5.63E-01 5.34E+00 
0 3800 5.73E-01 5.24E+00 
0 4000 6.28E-01 5.69E+00 
0 4200 6.15E-01 5.80E+00 
0 4400 6.35E-01 5.97E+00 
0 4600 5.69E-01 5.79E+00 
0 4800 5.44E-01 5.42E+00 
0 5000 6.05E-01 5.95E+00 
0 5200 5.05E-01 4.96E+00 
0 5400 5.59E-01 5.17E+00 
0 5600 6.61E-01 6.63E+00 
0 5800 5.30E-01 5.82E+00 
0 6000 3.34E-01 3.63E+00 
0 6200 3.81E-01 3.56E+00 




BK_SensitivitydB_Cal Frequency [Hz]  Optical_Mic_Voltage BK_Voltage 
0 6600 3.88E-01 4.19E+00 
0 6800 3.16E-01 3.54E+00 
0 7000 3.38E-01 3.41E+00 
0 7200 3.75E-01 3.69E+00 
0 7400 4.23E-01 4.10E+00 
0 7600 4.63E-01 4.78E+00 
0 7800 3.98E-01 4.36E+00 
0 8000 4.15E-01 4.28E+00 
0 8200 5.12E-01 5.24E+00 
0 8400 5.02E-01 5.01E+00 
0 8600 5.42E-01 5.62E+00 
0 8800 5.21E-01 5.54E+00 
0 9000 5.60E-01 5.93E+00 
0 9200 6.61E-01 6.90E+00 
0 9400 5.86E-01 6.30E+00 
0 9600 5.98E-01 6.12E+00 
0 9800 6.36E-01 6.79E+00 
0 10000 6.42E-01 6.76E+00 
0 10200 6.64E-01 7.28E+00 
0 10400 6.13E-01 6.47E+00 
0 10600 6.56E-01 6.80E+00 
0 10800 6.79E-01 7.18E+00 
0 11000 6.04E-01 6.31E+00 
0 11200 6.82E-01 7.33E+00 
0 11400 5.91E-01 6.59E+00 
0 11600 5.70E-01 6.03E+00 
0 11800 5.40E-01 6.02E+00 
0 12000 5.34E-01 5.63E+00 
0 12200 5.69E-01 6.13E+00 
0 12400 5.09E-01 5.85E+00 
0 12600 4.15E-01 4.85E+00 
0 12800 4.91E-01 5.53E+00 
0 13000 4.45E-01 5.12E+00 
0 13200 4.14E-01 4.64E+00 
0 13400 4.20E-01 5.01E+00 
0 13600 4.04E-01 4.93E+00 
0 13800 4.40E-01 5.45E+00 
0 14000 4.18E-01 4.94E+00 
0 14200 3.81E-01 4.66E+00 




BK_SensitivitydB_Cal Frequency [Hz]  Optical_Mic_Voltage BK_Voltage 
0 14600 4.59E-01 5.43E+00 
0 14800 5.41E-01 6.55E+00 
0 15000 5.03E-01 6.38E+00 
0 15200 5.68E-01 6.71E+00 
0 15400 6.83E-01 8.08E+00 
0 15600 6.33E-01 7.85E+00 
0 15800 6.10E-01 7.81E+00 
0 16000 6.78E-01 8.93E+00 
0 16200 6.02E-01 7.58E+00 
0 16400 6.89E-01 8.45E+00 
0 16600 6.87E-01 8.95E+00 
0 16800 6.96E-01 9.32E+00 
0 17000 6.77E-01 9.31E+00 
0 17200 6.65E-01 8.98E+00 
0 17400 7.92E-01 1.01E+01 
0 17600 7.67E-01 1.04E+01 
0 17800 6.11E-01 9.13E+00 
0 18000 6.91E-01 9.78E+00 
0 18200 6.67E-01 9.72E+00 
0 18400 6.93E-01 9.98E+00 
0 18600 7.07E-01 1.01E+01 
0 18800 6.65E-01 9.71E+00 
0 19000 6.74E-01 1.05E+01 
0 19200 6.90E-01 1.01E+01 
0 19400 6.86E-01 1.02E+01 
-0.138709482 19600 6.88E-01 1.01E+01 
-0.139324282 19800 6.72E-01 1.02E+01 
-0.136153733 20000 7.10E-01 1.05E+01 
-0.129197835 20200 6.26E-01 1.04E+01 
-0.179022166 20400 6.08E-01 9.19E+00 
-0.219526144 20600 6.07E-01 9.54E+00 
-0.223783274 20800 5.74E-01 9.08E+00 
-0.272969571 21000 5.58E-01 9.12E+00 
-0.381441763 21200 5.21E-01 8.57E+00 
-0.38962726 21400 5.06E-01 8.36E+00 
-0.421471185 21600 4.90E-01 8.13E+00 
-0.462778482 21800 4.41E-01 7.78E+00 
-0.504085778 22000 4.30E-01 7.28E+00 
-0.531198018 22200 4.20E-01 7.52E+00 




BK_SensitivitydB_Cal Frequency [Hz]  Optical_Mic_Voltage BK_Voltage 
-0.656397782 22600 4.12E-01 7.53E+00 
-0.721363507 22800 3.98E-01 7.47E+00 
-0.791060918 23000 3.84E-01 7.27E+00 
-0.860758328 23200 4.11E-01 7.59E+00 
-0.958845853 23400 3.89E-01 7.73E+00 
-1.047470007 23600 3.84E-01 7.73E+00 
-1.155020903 23800 3.90E-01 7.65E+00 
-1.300425285 24000 4.11E-01 7.96E+00 
-1.431634609 24200 3.88E-01 8.08E+00 
-1.581770677 24400 3.88E-01 7.93E+00 
-1.760296858 24600 3.69E-01 8.05E+00 
-1.957749783 24800 3.83E-01 8.11E+00 
-2.164666078 25000 3.76E-01 8.11E+00 
-2.399972488 25200 3.68E-01 7.84E+00 
-2.649473955 25400 3.52E-01 8.00E+00 
-2.932097222 25600 3.67E-01 8.37E+00 
-3.214720488 25800 3.54E-01 8.58E+00 
-3.530465555 26000 3.47E-01 8.19E+00 
-3.841691915 26200 3.54E-01 8.38E+00 
-4.195503446 26400 3.35E-01 8.56E+00 
-4.537852442 26600 3.05E-01 8.21E+00 
-5.233949075 26800 2.99E-01 7.86E+00 
-5.551023841 27000 2.91E-01 7.79E+00 
-5.879390759 27200 2.95E-01 7.86E+00 
-6.219220212 27400 2.82E-01 7.63E+00 
-6.559049665 27600 2.46E-01 7.51E+00 
-6.908448979 27800 2.65E-01 7.37E+00 
-7.139343172 28000 2.58E-01 7.49E+00 
-7.529281283 28200 2.57E-01 7.56E+00 
-7.854915679 28400 2.50E-01 7.32E+00 
-8.190380125 28600 2.49E-01 7.75E+00 
-8.522319413 28800 2.30E-01 7.88E+00 
-8.781284251 29000 2.35E-01 7.41E+00 
-9.00691431 29200 2.06E-01 7.46E+00 
-9.040335464 29400 2.15E-01 7.28E+00 
-9.042212046 29600 2.26E-01 7.94E+00 
-8.887416301 29800 1.97E-01 7.78E+00 
-8.547560986 30000 1.90E-01 7.40E+00 
-8.205814721 30200 2.05E-01 7.76E+00 




BK_SensitivitydB_Cal Frequency [Hz]  Optical_Mic_Voltage BK_Voltage 
-7.502768579 30600 2.09E-01 8.04E+00 
-7.261972988 30800 1.72E-01 7.71E+00 
-6.986363833 31000 1.74E-01 7.50E+00 
-6.810013588 31200 1.69E-01 7.33E+00 
-7.064246741 31400 1.61E-01 7.01E+00 
-7.105630101 31600 1.55E-01 7.24E+00 
-6.767909141 31800 1.60E-01 7.93E+00 
-6.295321052 32000 1.57E-01 7.87E+00 
-5.957717373 32200 1.43E-01 7.34E+00 
-5.903551108 32400 1.60E-01 7.46E+00 
-6.325191513 32600 1.61E-01 8.09E+00 
-6.694050018 32800 1.53E-01 8.21E+00 
-7.006128294 33000 1.50E-01 8.15E+00 
-7.356060056 33200 1.43E-01 8.36E+00 
-7.611571083 33400 1.42E-01 8.32E+00 
-8.12184771 33600 1.37E-01 8.22E+00 
-8.46242259 33800 1.24E-01 8.10E+00 
-9.012892634 34000 1.23E-01 8.33E+00 
-8.689117545 34200 1.38E-01 8.59E+00 
-9.417513169 34400 1.32E-01 8.66E+00 
-10.06955117 34600 1.40E-01 8.40E+00 
-9.682239092 34800 1.33E-01 8.69E+00 
-10.61858041 35000 1.41E-01 8.64E+00 
-11.11799084 35200 1.39E-01 9.28E+00 
-11.62105884 35400 1.30E-01 9.07E+00 
-12.71817098 35600 1.34E-01 8.93E+00 
-13.17219983 35800 1.31E-01 8.77E+00 
-13.52213159 36000 1.18E-01 8.30E+00 
-14.39927359 36200 1.23E-01 8.33E+00 
  36400 1.30E-01 8.45E+00 
  36600 1.28E-01 8.12E+00 
  36800 1.40E-01 8.14E+00 
  37000 1.35E-01 8.05E+00 
  37200 1.42E-01 8.30E+00 
  37400 1.35E-01 8.31E+00 
  37600 1.28E-01 8.20E+00 
  37800 1.34E-01 7.81E+00 
  38000 1.28E-01 7.47E+00 
  38200 1.25E-01 7.76E+00 




BK_SensitivitydB_Cal Frequency [Hz]  Optical_Mic_Voltage BK_Voltage 
  38600 1.32E-01 7.57E+00 
  38800 1.44E-01 7.30E+00 
  39000 1.49E-01 7.85E+00 
  39200 1.48E-01 7.99E+00 
  39400 1.57E-01 8.12E+00 
  39600 1.56E-01 7.94E+00 
  39800 1.63E-01 8.09E+00 
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